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ABSTRACT
This thesis presents an experimental and numerical investigation of the acoustic resonance
excitation due to the flow over different ducted cavities configurations, which is an issue in
many engineering applications. The first part of this work focuses on the acoustic resonance
excitation by two opposite and aerodynamically isolated rectangular cavities. Two-dimensional
compressible Unsteady Reynolds-Averaged Navier-Stokes (URANS) simulation is carried out to
model the self-excitation of resonance and characterize the fully coupled flow and acoustic fields.
The spatial distribution of the acoustic energy transfer is calculated using Howe’s aeroacoustic
analogy. It is found that the symmetry of the double cavity configuration results in a higher rate
of acoustic energy transfer compared with double asymmetric cavities or single cavity.
In the second part of this work, Large Eddy Simulation is performed to model the different
flow-sound coupling mechanisms during the self-excitation of various excitable acoustic modes
in an axisymmetric shallow cavity configuration. The compressible Navier-Stokes equations are
solved at a resolution sufficient to capture the flow and the acoustic dynamics. The excitation of
three acoustic modes of different aerodynamic characteristics over the range of the tested flow
velocities is observed. These modes are a stationary diametral mode, a spinning diametral mode,
and a longitudinal mode. Finally, a passive control technique (spanwise control rod) to suppress
the excitation of acoustic resonance by the flow over rectangular cavities is experimentally
investigated. It is found that the effectiveness of this control technique is significantly dependent
on the streamwise location of the rod, the gap between the rod and the wind tunnel wall,
and the cavity aspect ratio. Moreover, the PIV measurements revealed that for the effective
rod configurations, the vortices generated in the gap between the rod and the wall alters the
development of the shear layer.
The outcome of this work contributes to the fundamental understanding of the shear layer
instability over different cavity configurations. In addition, a universal criterion for the utilization
of a passive acoustic resonance suppression technique is developed. The technique can achieve
a reduction in the generated acoustic pressure by 60 dB.
Keywords: Cavities; Aeroacoustics; Noise control; Turbulence; Shear layer.
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1.1 Background and literature review
The excitation of acoustic resonance by fluid flow over different cavity configurations has re-
cently attracted significant research attention due to its impact on many engineering applications.
It can induce severe abrupt pressure oscillations leading to extreme noise, violent vibration,
operation interruption, or structural damage [1, 2]. Recent data reports the excitation of acoustic
resonance in multistage compressors [3], tube bundles[4–7], centrifugal pumps [8], solid rocket
motors [9], air conditioning systems [10], combustion chambers [11, 12], safety relief valves in
nuclear power plants[13], flow over cylinders [14–17], architectural plates [18], pipelines and
side branches [19–22] and several other applications [23].
There are also accidents that have been reported due to such types of flow, such as the Quad
Cities Nuclear power station when the maximum power output was increased by 17%. This
power output increase led to the damage of safety relief valves, shown in Fig. 1.1, due to the
excitation of acoustic resonances in the main steam pipes [23] [24]. Also, Oskarshamn Nuclear
Power Plant had a mandatory decrease in its output to reduce the amount of vibration due to
acoustic resonance in 8 gate valves on the main steam lines[25].
Acoustic resonance excitation occurs due to a process involving coupling between the flow
1
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standpipes. The Strouhal number associated with the appearance
of each tone was found to agree well with the design chart in Fig.
5.
Although the new steam dryer was made sufficiently robust to
withstand the dynamic loading generated by the standpipe tonal
excitations, the SRVs with the shortest standpipe were experienc-
ing intense acoustic resonance at the extended maximum power
level, and therefore, these valves were expected to be damaged
again upon continued operation at the extended power level. This
necessitated a solution, which either reduced the intensity of the
standpipe resonance or eliminated it altogether.
As discussed earlier, the simplest solution to such a problem is
to enlarge the inlet or shorten the length of the standpipe, see the
middle inset in Fig. 13. This would generally increase the stand-
pipe resonance frequency above the shear layer excitation fre-
quency. However, these solutions were deemed impractical be-
cause they require major modifications of the main steam piping
inside the reactor containment and would result in prohibitively
high dosage of radiation exposure. An alternative solution, which
was proposed, developed and tested by Continuum Dynamics Inc.
Ewing, NJ 26, entailed the addition of an acoustic side branch
ASB to the standpipe, as illustrated in the right inset of Fig. 13.
The ASB was filled with sound dissipation material to reduce the
intensity of acoustic resonances in the standpipe-ASB combina-
tion.
In contrast with the effect of enlarging the inlet or shortening
the length of the standpipe, the addition of the ASB, in fact, re-
duces the standpipe resonance frequency, and therefore, the reso-
nance of this particular standpipe is excited at a lower steam flow
rate: about 80% of the original maximum power. However, the
intensity of this resonance, which occurs at the part load of the
plant, was sufficiently diminished because: a the dynamic head
1 /2V2 of the steam flow is lower at the part load, and therefore,
the excitation level is also lower than that at the extended maxi-
mum power level; and b the absorption material added in the
ASB provides sufficient acoustic attenuation. It should be noted
also that at the extended maximum power level, which is the
normal operation mode of the plant, the standpipe resonance fre-
quency was sufficiently reduced below the shear layer excitation
frequency, such that the standpipe resonance was avoided. The
effect of the acoustic side branch on the acoustic resonance was
first tested by means of scale model tests at all flow rates. There-
after, the acoustic resonance problem was satisfactory resolved
when the acoustic side branches were implemented in the plant.
4 Annular Duct With Coaxial Closed Side Branches
Investigation of this pipe configuration was inspired by the roll-
post design of the vertical lift system of the Joint Strike Fighter
JSF®, which is schematically illustrated in Fig. 14. During the
normal forward flight mode, the roll posts are closed at their
outlets and are exposed to low Mach number flow at their inlets,
which are connected to the bypass annular duct of the engine.
Under these flight conditions, the roll-posts approximate closed
coaxial side branches exposed to a grazing annular flow. Model
tests were performed to investigate the aeroacoustic response of
such system and the effect of some passive countermeasures on
the resonance intensity 27.
Fig. 10 Steam dryer assembly of quad cities unit 2 „top left…
and details of the acoustic fatigue failure on the outer hood †23‡
Fig. 11 Power spectral density of fluctuating pressure on the
dryer showing the tonal excitation near 150 Hz †24‡
Fig. 12 Locations of the safety relief valves on the main steam
lines †25‡
Fig. 13 Geometry of the standpipe of safety relief valves. Left:
original design; middle: alternative design but impractical in
the present case; right: final solution with acoustic side branch
†26‡.
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Figure 1.1: Locations of the safety relief valves on the main steam [23] lines.
and the acoustic fields, with a feedback mechanism responsible for sustained energy transfer.
The separation of the boundary layer at the upstream edge of a rectangular cavity leads to the
formation of a free shear layer. This shear layer sheds into vortices, which subsequently impinge
on the downstream edge and generate pressure perturbations. These perturbations excite acoustic
resonance, which in turn amplifies the shear layer oscillations leading to a feedback mechanism
to form self-sustained oscillations [26]. Possible feedback mechanisms have been categorized by
Rockwell [27] based on the nature of the oscillations into: fluid-resonant (ducted cavities), fluid-
dynamic (open cavities), and fluid-elastic oscillations. A fluid resonant feedback mechanism,
which is illustrated schematically in Fig.1.2, can lead to self-sustained oscillations for cavities
enclosed in ducts with excitable acoustic modes.
When the cavity flow configuration is confined within a duct, the acoustic cross-modes of
the duct are susceptible to excitation. The shear layer modes result in velocity fluctuations in
the cross flow direction, normal to both the streamwise flow direction and the cavity mouth.
The number of vortices formed over the cavity mouth represents the shear layer modes. These
periodic fluctuations can excite a standing acoustic wave (Pac) if their frequencies coincide with
that of the acoustic cross-modes as shown in Fig.1.3 . As a result, a ’lock-in’ state is initiated
where positive energy is transferred from the flow field to the sound field and sever resonance
excitation takes place with acoustic pressure levels of up to 173 dB [28, 29].
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Figure 1.2: Illustration of the Fluid resonant feedback mechanism. Distribution of the acoustic
particle velocity and pressure of the (λ/2) mode are shown schematically.
The frequency of pressure perturbations resulting from vortex separation and impingement
depends on the cavity impingement length, the flow velocity, the time lag between the impinge-
ment of the generated vortex and the triggering of the free shear layer at the cavity upstream
edge, and the order of the shear layer mode [25, 30]. This frequency can be calculated from the









Where m=1,2,3,... represents the order of the shear layer mode, α is an empirical constant
that corresponds to the phase delay between the impingement on the downstream edge and the
feedback that reaches the upstream edge [31] and is equal to 0.25, and 1/κ is the empirical
constant that represents the average convection speed of the vortices in the shear layer [31] and
is equal to 1.75.
Various work has been done to fully understand the flow excited acoustic resonance mecha-
nism in different cavity configurations, such as annular axisymmteric cavities and rectangular
cavities. However, there are many aspects related to the effect of the flow structure on the
behavior of the excited acoustic modes that needs to be investigated.
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Figure 1.3: Schematic of the lock-in between the shear layer modes (m) and the acoustic modes
(n)
1.1.1 Flow over annular axisymmetric cavities
An annular axisymmetric cavity is formed by the symmetric rotation of a two-dimensional cavity
configuration around the stream-wise symmetry axis. Such geometry resembles the assembly of
safety or gate valves in a pipeline configuration. In the absence of mean flow, Hein et al. [32]
numerically showed that the axisymmetric geometry could create perfectly acoustic trapped
modes that have antisymmetric pressure oscillations and no preferred azimuthal orientation as
shown in Fig.1.4. In such a case, the excited acoustic modes have a frequency that is lower
than the cut-off frequency of the duct. Keller and Escudier [33] experimentally investigated
the excitation of the diametral modes of an annular cavity connected to a pipe through a thin
annular opening. Although the observed acoustic mode was stationary, its azimuthal orientation
changed as each experimental configuration was assembled, suggesting that it takes a preferred
position due to deviations from a perfect axisymmetric configuration.
Awny and Ziada [34] experimentally investigated the flow-excited resonances of the acoustic
diametral modes of a cylindrical pipe housing an axisymmetric shallow cavity, observing intense
acoustic pressure levels reaching up to 170 dB associated with lock-in over a wide range of flow
velocities. In a series of experimental investigations, Aly and Ziada [25, 28, 35, 36] provided
a description of the aeroacoustic characteristics of axisymmetric shallow cavities, providing
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Figure 1.4: Possible resonance modes for a coaxial shallow rectangular cavity [37]
extensive details of the effect of the cavity geometry on the acoustic resonance level and acoustic
pressure patterns. Results indicated that diametral acoustic modes, with their acoustic pressure
nodes at the axis and pressure antinodes at the circumference of the cavity floor, can be excited
by flow in the duct. Because these modes have no preferred location for the pressure antinode
along the outer circumference, they can spin around the duct stream-wise symmetry axis as
shown in Fig.1.5. As a result, the excited modes are stationary at low flow velocities, but they
switch to spinning mode pattern at higher velocities. Notably, small geometrical deviations from
axisymmetry and localized damping effects introduce an orientation preference that results in
partially spinning behavior.
The acoustic characteristics of the first excited acoustic mode are significantly influenced
by the mean flow velocity. Aly and Ziada [28] and Ziada et al. [38] results also showed that
the acoustic pressure at resonance increases as the cavity becomes shorter or deeper relative to
the main pipe diameter. Moreover, the cavity length to depth ratio controls the amplitudes of
the various excited diametral and longitudinal modes. However, this set of investigations did
not include any aspects of the flow field nor the influence of diametral or longitudinal mode
excitation on the structure of the separated shear layer on the cavity mouth and did not provide
details of the flow dynamics that take place as modes of different azimuthal behavior are excited.
Oshkai and Barannyk [39] experimentally measured the acoustic pressure at different azimuthal
locations on the wall of an axisymmetric cavity, confirming that the geometry of the leading
and trailing edges of the cavity have an effect on the acoustic pressure amplitude. They also
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Figure 1.5: Pressure contour snap shots of a spinning mode for 8 points over half pressure cycle.
[41]
indicated that spinning modes are excited after a threshold of Mach number is exceeded, whereas
stationary or partially spinning modes can be observed at lower flow velocities. Thirumoorthy
et al. [40] experimentally investigated the excitation of the acoustic diametral modes using a
pressure transducer, showing that the stream-wise shape of the cavity has a significant effect on
the resonance pressure amplitude.
Compared with the significant efforts carried out to identify the acoustic characteristics of the
diametral mode excitation in axisymmetric cavities, very limited reports of the dynamics of the
flow field during resonance excitation are available in the literature. Oshkai and Barannyk [42]
used particle image velocimetry to visualize the instantaneous vorticity field of the first shear
layer mode during excitation of the diametral acoustic modes. Ziada et al. [38] investigated
the excitation of diametral modes within a rectangular cavity attached to a circular pipe. Due
to the preferential azimuthal orientation of the square cavity, complex stationary and spinning
mode patterns were observed. The interaction of two orthogonal modes was shown to generate
spinning behavior that is associated with a helical vortex structure between the cavity leading
and trailing edge. More recently, Wang and Liu [43] carried out a three-dimensional zonal large
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eddy simulation of the flow dynamics of an axisymmetric cavity at conditions that give rise to the
maximum resonance intensity. The numerical model was able to capture the acoustic frequencies
and the spinning helical structure of the first three diametral acoustic modes. Results showed
that the flow field, when coupled with the spinning modes at their maximum intensity, posses a
complex 3D vortex structure. Wang and Liu [44] suggested that two separate vortex shedding
modes are responsible for the spinning motion. However, Wang and Liu [43, 44] only studied
pure spinning modes at a single cavity configuration and did not present aspects of the flow
dynamics during excitation of longitudinal or diametral modes of different azimuthal behavior.
Accordingly, The complex flow structure over an annular axisymmetric cavity configuration
needs to be thoroughly investigated to demonstrate the effect of the value of the mean flow
velocity on the characteristics of the different excited acoustic modes.
1.1.2 Flow over single and opposite rectangular cavities
The configuration of double opposite aerodynamically isolated cavities is the simplified form of
an annular axisymmteric cavity. The configuration of two cavities facing each other arises in
many engineering applications such as sudden expansions and contractions in ducts and pipes,
wind flow in high rise building blocks, and flow in closely-packed electronic components. For
this configuration, almost all available investigations consider only the fluid-dynamic excitation
mechanism arising from a hydrodynamic feedback, and a considerable attention was given for the
cases with a small inter-cavity distances. One of the earliest investigations on the configuration
of a double cavity was conducted by Morel [45], who observed that two cavities facing each
other on the walls of a chamber that has a passing jet can induce significantly powerful pressure
oscillations at the Helmholtz frequency of the chamber. Rockwell and Naudascher [46] suggested
that a jet instability combined with alternating impingement can lead to the self-sustained
instability of a fluid dynamic nature. Maurel et al. [47] investigated flow patterns for very low
Reynolds numbers and very small distance between cavities, showing that varying the cavity
length plays an important role in the dynamic flow characteristics of this configuration.
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Goltsman and Saushin [48] investigated the flow structure for the configuration of a double
cavity with a spacing to depth ratio of 1.3 at a Reynolds number up to 46×103. They reported
three different flow regimes depending on the cavity dimensions and the Reynolds number. More
recently, Tuerke et al. [49] investigated the effect of the distance between two identical cavities
opposite to each other on the coupling of the shear layers that develop over both cavities. It was
found that at a cavity spacing-to-depth ratio lower than 0.1, the shear layers forming over each
cavity merge along the double-cavity length and the instantaneous flow fields show a fluctuating
jet oscillating between the two cavities. On the other hand, for a spacing-to-depth ratio higher
than 0.2, the two shear layers stay separated all along the cavity length. At distances higher
than 0.4 of the cavity depth, no pattern of symmetry could be observed. However, It is not yet
reported if the uncorrelated shear layers over two opposite cavities at large separation distance
are capable of initiating a fluid resonant feedback mechanism and sustaining acoustic resonance.
Moreover, the effect of the strong acoustic field on the phasing between the two shear layers,
and the effect of cavity symmetry need to be identified.
1.1.3 Control of flow excited acoustic resonance
In some applications, the coincidence between the shear layer frequency and the acoustic mode
frequency cannot be avoided. Thus, it is necessary to develop control techniques to prevent
acoustic resonance excitation. Various control techniques have been proposed in the literature
to suppress acoustic resonance excitation, including active and passive methods [50–52]. Active
techniques rely on introducing adaptive changes to the flow to disrupt the feedback mechanism.
Several active methods including flow injection at the leading edge, placement of piezoelectric
flaps flush mounted at the leading edge, and mounting of upstream miniature fluidic oscillators,
as summarized by Cattafesta et al. [53], Sun et al. [54], and Wang et al. [55]. However, such
methods have to be specifically designed and calibrated for an individual set of configurations at
certain conditions for a target application, reducing their benefits in other cases and increasing
their cost.
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Figure 1.6: (a) Curved spoilers. (b) Delta spoilers [58]
Passive methods have also been proposed to control the generation of self-excited acoustic
resonance of flow over cavities. The oscillations produced by the separating shear layer over the
cavity are influenced by the geometry of both the upstream and downstream edges. Changes
in the flow characteristics at the upstream and downstream edges have shown to affect the
flow-acoustic coupling mechanism and the generated sound pressure level [26]. For example,
Omer et al. [56] investigated the effect of changing the shape of the downstream edge on the
acoustic resonance excitation. Unfortunately, these modifications could not completely suppress
acoustic resonance excitation. Another attempt to study the effect of reshaping the cavity on
the generated pressure pulsations was introduced by Panigrahi et al. [57] through placing sub-
cavities at various locations on the cavity wall. However, in most engineering applications, it
may not be feasible or applicable to rely on changing the structure of the cavity to suppress
the generated pressure pulsations. Bolduc et al. [58] tried to suppress the acoustic pressure
pulsations by altering the flow path at the upstream edge using spoilers as shown in Fig.1.6.
Although this technique successfully suppressed the generated tone, it introduced a substantial
pressure drop. Another passive control technique was proposed by Shaaban and Mohany [59]
using surface-mounted blocks. Results showed that such a device controls resonance excitation.
Nevertheless, it has resulted in a substantial obstruction of the internal flow in the duct with
significant pressure drop.
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Figure 1.7: Control rod suppression mechanism [60]
The concept of adding a spanwise rod near the upstream edge of the cavity to disturb the
flow oscillations was first introduced by McGrath and Shaw [61]. This control method depends
on the development of vortex shedding from the rod which interferes with the free shear layer
created at the cavity mouth as shown in Fig.1.7. Stanek et al. [62] suggested that mounting
of the spanwise rod could result in either high frequency forcing that alters the stability of
the shear layer or shear layer lift off. Illy et al. [63] carried out flow visualization through
Schlieren imaging to identify the effect of the gap between the rod and the upstream wind
tunnel wall on the suppression of self-sustained pressure oscillations. Keirsbulck et al. [64]
suggested that thickening of the shear layer due to interaction with the rod wake is likely to
have a significant effect on the strength of the pressure oscillations in the cavity. By performing
PIV measurements, Martinez et al. [65] added that the interaction prevents the growth of
organized flow structure due to the generation of random vorticity in the shear layer. On the
other hand, Dudley and Ukeiley [66] performed PIV measurements and found that adding a rod
with a diameter approximately 50% of the thickness of the upstream boundary layer achieves
attenuation of the pressure oscillations in the cavity by lifting off the shear layer. However,
in all of these investigations the effect of the streamwise position, the rod diameter, and the
cavity aspect ratio were not taken into consideration. Moreover, all of these investigations were
performed without considering the effect of this control technique on the flow-acoustic coupling
mechanism. The use of the spanwise rod as a control technique to suppress acoustic resonance
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excitation due to fluid resonant feedback mechanism was first proposed by Omer and Mohany
[60]. That study showed promising preliminary results for the use of this control technique in
damping the resonance excitation. However, there were many unanswered questions related to
the suppression mechanism that need to be explained.
1.2 Motivation
Flow excited acoustic resonance over different rectangular cavity configurations have proven to
be a threat to mechanical structures and may affect any humans in vicinity of the noise source.
Although a lot of research has been done regarding the flow over single rectangular cavity, there
are many unclear and unexplained issues related to the flow over double opposite cavities and the
axisymmteric cavity configurations. This section summaries the gaps in the literature regarding
such types of flow. Moreover, This section states the required work that needs to be done in
order to develop a universal criterion to utilize high frequency vortex generators in dampening
flow excited acoustic resonance in ducted cavities.
In flow over axisymmetric cavities, the different azimuthal behavior of the excited diametral
and longitudinal acoustic modes at different flow velocities is bound to have a significant effect
on the flow dynamics at the cavity mouth, which had not been previously identified. Moreover,
the modal characteristics of the acoustic pressure and the flow fluctuations over the cavity need
to be investigated. In addition, investigating the behavior of the coupled acoustic-flow fields over
the lock-in region can help identify the critical changes in the flow separation and impingement
over an acoustic cycle and its role in initiating specific acoustic modes as well as determining
their azimuthal behavior. Understanding the details of this mechanism is particularly critical
to enable finding ways to mitigate resonance excitation and control its potentially destructive
oscillations.
For the configuration of double opposite aerodynamically isolated cavities, the effect of the
acoustic resonance on the synchronization of dynamic acoustic pressure and flow patterns needs
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to be investigated. This information is vital to understand the influence of multiple sound sources
on the lock-in mechanism which is a feature of many other configurations such as corrugated
pipes and side branches in pipelines. Theoretically speaking it was expected that the opposite
aerodynamically isolated cavities would generate lower values of the acoustic pressure relative
to a single cavity, as the acoustic particle velocity would interact with the generated vortices
over the mouth of one of the cavities in the first half of the pressure cycle, acting as an acoustic
source. In the other half of the cycle, it would interact with the other cavity, changing the
location of the acoustic source and cancelling the effect of the other cavity. The details of such
interaction have not been studied in the literature so far. Moreover, there is a lack of knowledge
regarding the aspects of flow and aeroacoustics for the configuration of two cavities of the same
length but different depth facing each other. It is therefore clear that a complete understanding
of the intricate and complex coupled physical phenomena driven by the excitation of acoustic
resonance in the configuration of a double cavity is not available, hindering efforts to invent
simple effective controls of structural and aeroacoustic instabilities.
Despite the presence of multiple passive techniques to suppress the flow excited acoustic
resonance over rectangular cavities, all of this techniques introduce significant values of pressure
drop at wide range of flow velocities. Thus, there is a need to develop a passive control technique
that can be effective in suppressing resonance excitation without introducing significant pressure
drop in the mean flow. A spanwise control rod is therefore investigated in this work as it can
potentially achieve that. Although the use of a rod upstream of the cavity leading edge showed
promising effect on the attenuation of pressure pulsations in open cavities, their effectiveness
in suppressing self-excited acoustic resonance is not fully explained in literature. In addition,
the interdependence between several parameters, such as the rod diameter, the rod streamwise
location, the gap between the rod and the upstream wind tunnel wall, and the cavity aspect ratio
and their effect on the shear layer stability is not yet clear. As a result, no reliable criterion to
design such devices is readily available in the literature.
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1.3 Objectives
The first objective of this work is to study the relation between the shear layer instability and the
excitation of acoustic resonance for flow over different shallow rectangular cavity configurations.
This objective will be achieved by the following
1- The coupling between flow and acoustic fields over a coaxial cavity is studied through
3D Direct Noise Computation numerical simulations to capture the effect of the excitation of
acoustic trapped modes on the flow structure over the cavity mouth.
2- Understanding the details of the flow excited acoustic resonance mechanism in a double
rectangular cavity, experimentally through acoustic pressure measurements and numerically
through Direct Noise Computation. The output of the simulation will be used to explain the
differences in the excitation mechanism between the single and the double rectangular cavities.
Moreover, Howe’s theory of aerodynamic sound will be utilized to analyse the output of the
simulation with a focus on the energy transfer between both fields.
The second objective is to optimize the control of flow excited acoustic resonance over
different shallow rectangular cavity configurations using a high frequency vortex generator. This
is done through a set of acoustic pressure measurements for the flow over a single rectangular
cavity with and without the cylinder placed near the cavity upstream edge, to find an optimum
location for mounting the cylindrical rods to dampen the flow excited acoustic resonance. The
data for the optimum location is combined with data from the literature in order to develop
a universal criteria specifying the optimum location for a cylinder to be placed upstream of a
rectangular cavity edge.
1.4 Thesis outline
This thesis consists of three journal articles that address the three different objectives of the work.
The thesis starts with a common introduction and a review of the previous work in the literature
followed by motivation and objectives of the current work. Chapter 2 contains the first journal
I N T R O D U C T I O N 14
article, titled “Shear layer synchronization of aerodynamically isolated opposite cavities due
to acoustic resonance excitation”, which includes acoustic pressure measurements for single
and opposite cavity configurations. Chapter 3 contains the second journal article, titled “Flow
dynamics and azimuthal behaviour of the self-excited acoustic modes in axisymmetric shallow
cavities”, which proposes a 3D numerical model where Large Eddy Simulation is used to solve
the compressible Navier-Stokes equations in order to investigate the dynamics of the coupled
flow-sound field during excitation of acoustic resonance by the flow over an axisymmetric
cavity. Chapter 4 contains the third journal article, titled “Control of the self-sustained shear
layer oscillations over rectangular cavities using high-frequency vortex generators”, which
includes acoustic pressure measurements and PIV measurements that are performed to optimize
the utilization of high frequency vortex generators in the suppression of flow excited acoustic
resonance over rectangular cavities . Complete summary, conclusions and recommendations for
future work are given in Chapter 5.
Due to the editorial requirements of this thesis, where three journal articles are included,
there is some overlap between the introduction sections in Chapters 2–4, although in each case
the context is targeted towards specific aspects of the investigation covered in the publication.
Moreover, since the literature survey is fragmented across the three journal publications, a
common comprehensive literature review is provided in Chapter 1. Furthermore, the conclusion,
provided in Chapter 5, reiterates the key conclusions stated in Chapters 2–4 while highlighting
their placement within the context of this investigation.
Chapter 2
Shear layer synchronization of
aerodynamically isolated opposite cavities
due to acoustic resonance excitation
Complete Citation:
M. Abdelmwgoud, M. Shaaban, and A. Mohany, ‘Shear layer synchronization of aerodynami-
cally isolated opposite cavities due to acoustic resonance excitation’, Physics of Fluids, 33(5),
2021. Inpress
Copyright:
Reproduced from the published article, with the permission of AIP Publishing
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Abstract
Flow over rectangular cavities can become unstable and excite the acoustic modes of the sur-
rounding duct, resulting in severe noise and vibration. In this work, acoustic resonance excitation
by two opposite and aerodynamically isolated rectangular cavities is experimentally and numeri-
cally investigated to identify the effect of the flow-acoustic coupling on the synchronization of
shear layer instabilities. Compressible Unsteady Reynolds-Averaged Navier-Stokes simulation
is used to model the self-excitation of resonance and characterize the fully coupled flow and
acoustic fields. Moreover, the location and the strength of the acoustic sources and sinks is eval-
uated using Howe’s integral formulation of the aerodynamic sound. Results show that double
symmetric cavities result in a higher rate of acoustic energy transfer due to the synchronization
of the shear layer instabilities over the two cavities in an antisymmetric pattern, leading to a
stronger acoustic resonance than all other cases. On the other hand, the two shear layers over
two opposite cavities of different aspect ratios were mismatched in phase and vortex convection
velocity. As a result, the net energy transfer in an asymmetric cavity configuration occurred at a
similar rate to a single rectangular cavity, driving a weaker acoustic resonance excitation.
2.1 Introduction
The excitation of acoustic resonance by fluid flow has recently attracted significant research
attention due to its impact on many engineering applications. It can induce severe abrupt pressure
oscillations leading to extreme noise or violent vibration[1]. The excitation of acoustic resonance
has been reported in multistage compressors [3], centrifugal pumps [8], solid rocket motors
[9], heat exchanger tube bundles [67–69], air conditioning systems [10], combustion chambers
[11, 12], safety relief valves in nuclear power plants[13], architectural plates [18], pipelines and
side branches [20, 70] and several other applications [23]. In these applications, the dynamic
flow instabilities represent the source of excitation that gives rise to the onset of self-sustaining
strong acoustic oscillations, causing undesirable noise and vibration and imposing significant
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dynamic loading that can cause damage and interrupt operation.
The mechanism that leads to the development of the coupled flow-acoustic field has been
thoroughly investigated for the case of a single rectangular cavity attached to a rectangular duct.
At moderately low Mach numbers, the sudden separation of the shear layer over the cavity
results in negligible production of acoustic power due to the periodic flapping of the shear layer
over the cavity mouth [46, 59, 71]. As the shear layer impinges on the trailing edge of the
cavity, pressure perturbations provide a modulating signal, sending feedback that organizes the
separation of flow at the separation point[72]. As a result, the shear layer produces pressure
oscillations at a frequency that depends on the cavity length l and the flow velocity U∞ as shown








where Stn and fn correspond to the Strouhal number and frequency of the the shear layer nth
mode, respectively. κ and α are constants that correspond to the average convection speed of
the vortex cores in the shear layer and a phase delay [31, 73].
If the flow over the cavity is confined in a rectangular duct of a height H, the perturbations of
the shear layer can excite the acoustic cross-modes by engaging in a fluid-resonant mechanism
[74]. The velocity perturbation of the shear layer is oriented in the same direction as the acoustic
particle velocity of the cross-modes of the duct. Therefore, the periodic flow instability can
provide energy to the acoustic cross-mode in case of frequency coincidence. The frequency
of the acoustic cross-modes of the duct do not have significant dependence on the upstream
flow velocity [75]; consequently, the frequency coincidence occurs at particular flow velocities
at which the acoustic pressure oscillations become significantly stronger. In turn, the stronger
acoustic field organizes and modulates the shear layer separation and impingement. Therefore,
the shear layer oscillations and the acoustic mode occur at the same frequency in a state of
lock-in over a range of flow velocities. Acoustic oscillations sustained by the coupled field
continue to grow limited only by the radiation and viscous damping losses[76], and can reach
extreme acoustic pressures. Experimental evidence indicates that periodic flow instabilities
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initiated by the separation and development of unstable shear layers over cavities are capable of
exciting the acoustic modes in shallow and deep cavities[56, 77, 78], cavities in tandem[79], and
axisymmetric cavities [43, 80]. In these cavity geometries, unstable shear layer perturbations
give rise to a self-sustained coupling of intricate flow and acoustic patterns.
To excite acoustic resonance, the shear layer over the cavity mouth has to become unstable,
resulting in unsteady oscillations. The unsteadiness of the shear layer results from the pressure
fluctuations caused by shear acting to force the flow streamlines to impinge at an angle into the
trailing edge [81]. Stallings Jr and Wilcox Jr [82] identified the cavity length to depth ratio as
the main parameter that defines the general dynamics of the flow inside a cavity. Tracy [83]
investigated the generation of acoustic tones by the flow over transonic and supersonic cavities.
Results indicated that the spectral characteristics of the tone as well as its amplitude depends
on the Mach number and the cavity length to depth ratio. Hirahara et al. [84] experimentally
investigated the aeroacoustic instability of a single rectangular cavity. The results showed that
the cavity length-to-depth ratio did not have a significant effect on the modal characteristics
of the excited modes, but indicated a remarkable difference in the sound source strength for
a length-to-depth ratio of 1.0 and 2.0. Rockwell and Knisely [85] showed that the organized
two-dimensional separation of flow at the leading edge results in the formation of span-wise
vortex cores with relatively weak three-dimensional effects. In agreement, Lafon et al. [86]
suggested that the resonance modulation effect for the fluid resonance mechanism ensures that
the acoustic modes are two-dimensional and the acoustic oscillations are in phase along the
span of the cavity. More recently, Islam et al. [87] confirmed that the excitation of acoustic
resonance can organize the flow into a two-dimensional pattern due to the modulation by the
strong acoustic field.
The effect of these parameters on the unsteady cavity flow has been also investigated us-
ing numerical methods. Rizzetta [88] investigated the self-sustained aerodynamic oscillations
within a rectangular cavity using the compressible three-dimensional Navier-Stokes equations
along with a Reynolds-averaged turbulence model, indicating a fundamental two-dimensional
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behaviour of the flow field. At subsonic upstream velocities, Henderson et al. [89] used the two-
dimensional Unsteady Reynolds-Averaged Navier–Stokes equations with the k−ω turbulence
model to investigate the flow features over a rectangular cavity with a length-to-depth-ratio of
5.0, achieving good agreement with experimental data in terms of the pressure distribution and
the transient flow features. It was found that despite a deficiency to provide accurate represen-
tation of high frequency intermittent time scales, Unsteady Reynolds-Averaged Navier–Stokes
equations tend to accurately predict the larger scales associated with the lower frequency discrete
acoustic tones [90]. However, no effort has been made to numerically model self-excitation of
acoustic resonance through coupled numerical simulation.
Moreover, hybrid numerical and experimental methods were used to investigate the mech-
anism of acoustic resonance excitation by cylinder configurations. Using a two-dimensional
numerical model, Mohany and Ziada [91] implemented the aeroacoustic analogy formulation of
Howe [92] to identify the spatial distribution of sound sources and sinks over a cycle of flow-
excited acoustic resonance for the case of two tandem cylinders in cross-flow. Results showed a
compact pattern of acoustic sources and sinks induced by the vorticity over the acoustic cycle
which provided a net generation of acoustic power. Accurate characterization of the net acoustic
energy transfer and the spatial distribution of the aeroacoustic source and sink in the flow field is
necessary to develop effective methods to control resonance excitation. However, the necessary
experimental data required for acoustic source and sink analysis, including acoustic resonance
strength and acoustic pressure distribution in double cavity configurations is not yet available.
The configuration of two cavities facing each other arises in many engineering applications
such as sudden expansions and contractions in ducts and pipes, wind flow in high rise building
blocks, and flow in closely-packed electronic components. For this configuration, available
studies consider the fluid-dynamic excitation mechanism arising from a hydrodynamic feedback.
A considerable attention was given to the cases with a small inter-cavity distances. Morel [45]
reported that two cavities facing each other on the walls of a chamber that has a passing jet can
induce significantly powerful pressure oscillations at the Helmholtz frequency of the chamber.
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Rockwell and Naudascher [46] suggested that this jet instability combined with alternating
impingement can lead to the self-sustained instability of a fluid dynamic nature. More recently,
Tuerke et al. [49] investigated the effect of the distance between two identical cavities opposite
to each other on the coupling of the shear layers that develop over both cavities. At a cavity
spacing-to-depth ratio lower than 0.1, the shear layers over the cavities are merged together and
an antisymmetric jet instability is observed. For a spacing-to-depth ratio higher than 0.2, the two
shear layers separate anti-symmetrically along the cavity length. At separation distances higher
than 0.4 of the cavity depth, no correlation between the two shear layers could be proven. On
the other hand, Shaaban and Mohany [67] measured the dynamic fluid forces on inline cylinders
during acoustic resonance excitation and reported that the acoustic field can synchronize flow
instabilities in the gaps between cylinders. It is not yet reported if the uncorrelated shear layers
over two opposite cavities at large separation distance are capable of initiating a fluid resonant
feedback mechanism and sustaining acoustic resonance. Moreover, the effect of the strong
acoustic field on the phasing between the two shear layers, and the effect of cavity symmetry
need to be identified. The identification of the coupled field patterns has helped to develop
different passive and active methods to control the excitation of acoustic resonance for a single
cavity configuration [54, 55, 57, 93]. A rigorous understanding of the intricate and complex flow
acoustic coupling excited by shear layers over two opposite cavities is necessary to effectively
control structural and aeroacoustic excitations.
To fulfill that, this work provides an experimental and numerical investigation of the acoustic
resonance excitation by shear layer instabilities over the configuration of two opposite rectangular
cavities at large separation. Investigations are carried out for the cases of a single rectangular
cavity with a length-to-depth ratio of L/D = 1.00 and 1.67, two opposite symmetric cavities
with the same length to depth ratio of L/D1 = 1.00, and two opposite asymmetric cavities with a
different length to depth ratio of L/D1 = 1.00 and L/D2 1.67. For the opposite cavities cases,
the two cavities are separated by a distance of 2.0 L. Aeroacoustic pressure measurements are
used to identify the conditions for excitation of the acoustic cross-modes. Moreover, phase-
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ties of two different length to depth ratios L/D
used in the following discussions are shown in Fig. 2. Cavi-
















length-to-depth ratio of L/D = 1.00 and 1.67, two opposite
symmetric cavities with the same length to depth ratio ofL/D1
= 1.00, and two opposite asymmetric cavities with a different
length to depth ratio of L/D1 = 1.00 and L/D2 1.67. For the
opposite cavities cases, the two cavities are separated by a dis-
tance of 2.0 L. Aeroacoustic pressure measurements are used
to identify the conditions for excitation of the acoustic cross-
modes. Moreover, phase-locked Particle Image Velocimetry
measurements for some selected cases are performed to vali-
date the results of the numerical model and the sound source
prediction algorithm. The two-dimensional compressible un-
steady Navier-Stokes equations are solved in conjugation with
the Reynolds-Stress Transport turbulence model to investigate
the coupled field behavior. The numerical model is able to cap-
ture the onset of the acoustic cross-mode by the flow instability,
and the modulation effect of the strong oscillations on the flow
field is presented. Finally, the aeroacoustic analogy method
is used to characterize the development of the aeroacoustic
sources and sinks over the acoustic cycle.
II. METHODOLOGY
A. Experimental methodology
Acoustic pressure measurements are carried out in an open-
loop wind tunnel as shown in Fig. 1a. Air flow is driven by a
centrifugal blower at speeds up to 160 m/s. The test section
is of 254 mm in height and 127 mm in width. The cavity
configurations are attached at the top and bottom walls of the
test section. The wind tunnel inlet is equipped with a parabolic
bellmouth leading to the test section, then the air flows through
a diffuser section that gradually increases in the cross-sectional
area with an inclusion angle of less than 14◦ to avoid flow
separation at the walls. Finally, a flexible connection is used
between the blower and the test section to prevent vibration
transmission.
1 = 1.00 and
1.67 are tested. In the single cavity configuration, the cavity is
mounted at the bottom wall, spanning the whole test section
width of 127 mm. In the double cavity configuration, two cav-
ities of the same length L = 127 mm are attached opposite to
each other on the top and bottom walls, spanning the width of
the test section. The parameters of the four investigated config-
urations are detailed in table I. The table shows the dimensions
of the cavities, the flow Reynolds number during excitation of
acoustic resonance, and the frequency of the excited acoustic
modes.
The acoustic pressure measurements are performed using a
PCB pressure microphone model 377A12, with a diameter of
6.35 mm and a nominal sensitivity of 25 mV/kPa. The mi-
crophone is flush-mounted at the acoustic pressure anti-node
of the first acoustic cross-mode, which is located at the cav-
ity base. To characterize the aeroacoustic response of each
configuration, acoustic pressure is measured for 60 second
at upstream flow velocities between 10 and 160 m/s, with a
step of 2.5 m/s. A sampling rate of 10 kHz is used. The
frequency spectrum is obtained using Welch’s modified peri-
odogram method47 with a resolution of 1 Hz. The dimension-
less acoustic pressure amplitude P ∗ = P/0.5ρU2∞ and the re-
duced flow velocity Ur = U∞/(faL) are used to compare the
measured acoustic pressure of different configurations, where
U∞ is the upstream flow velocity, fa is the acoustic cross-
mode frequency, and L is the cavity length.
Particle Image Velocimetry measurements were carried out
for the case of a single cavity. The PIV measurements are
performed using a LaVision PIV system, shown in Fig. 1b,
equipped with a double head Nd:YAG laser generating two
laser beams of wavelength 532 nm at a maximum frequency
of 15 Hz and peak power of 200 mJ . A double frame 12-
bit CMOS camera with a resolution of 2752 × 2200 pixels,
equivalent to a field of view of 165 mm × 114 mm, is used to
Figure 2.1: Pressure measurement (a) Schematic (b) Experimental setup
locked Par icle Image Velocime ry me surements for some selecte a es are performed to
validate the results of the numerical model and the sound source prediction algorithm. The
two-dimensional compressible unsteady Navier-Stokes equations are solved in conjugation with
the Reynolds-Stress Transport turbulence model to investigate the coupled field behavior. The
numeric l model is able to capture the onset of the acoustic cross-mode by the flow instability,
and the modulation effect of the strong oscillations on the flow field is pr s ted. Finally, the
aeroacoustic analogy method is used to characterize the development of the aeroacoustic sources
and sinks over the acoustic cycle.
2.2 Methodology
2.2.1 Experimental methodology
Acoustic pressure measurements are carried out in an open-loop wind tunnel as shown in Fig.
2.1. Air flow is driven by a centrifugal blower at speeds up to 160 m/s. The test section is of
254 mm in height and 127 mm in width. The cavity configurations are attached at the top and
botto walls of the test section. The wind tunnel inlet is equipped with a parabolic bellmouth
leading to the test section, then the air flows through a diffuser section that gradually increases
in the cross-sectional area with an inclusion angle of less than 14◦ to avoid flow separation at the
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Table 2.1: Geometric and acoustic parameters of the investigated cavity configurations
L D1 D2 ReL fExp. fCFD fno f low
[mm] [mm] [mm] [Hz] [Hz] [Hz]
Single L/D1=1.00 127 127 – 3.1×105 481 490 467
Single L/D1=1.67 127 76 – 3.6×105 597 600 585
Double symmetric 127 127 127 2.9×105 424 422 417















Figure 2.2: Nomenclature of the cavity dimensions.
walls. Finally, a flexible connection is used between the blower and the test section to prevent
vibration transmission.
The different cavity configurations and the nomenclature used in the following discussions
are shown in Fig. 2.2. Cavities of two different length to depth ratios L/D1 = 1.00 and 1.67 are
tested. In the single cavity configuration, the cavity is mounted at the bottom wall, spanning the
whole test section width of 127 mm. In the double cavity configuration, two cavities of the same
length L = 127 mm are attached opposite to each other on the top and bottom walls, spanning
the width of the test section. The parameters of the four investigated configurations are detailed
in table 2.1. The table shows the dimensions of the cavities, the flow Reynolds number during
excitation of acoustic resonance, and the frequency of the excited acoustic modes.
The acoustic pressure measurements are performed using a PCB pressure microphone model
377A12, with a diameter of 6.35 mm and a nominal sensitivity of 25 mV/kPa. The microphone
















Figure 2.3: (a) PCB pressure microphone (b) PCB signal conditioner and NI data acquisition
card
is flush-mounted at the acoustic pressure anti-node of the first acoustic cross-mode, which is
located at the cavity base. The microphone signal is fed to the data acquisition card through a
PCB model 482C15 signal conditioner, as shown in Fig. 2.3. To characterize the aeroacoustic
response of each configuration, acoustic pressure is measured for 60 second at upstream flow
velocities between 10 and 160 m/s, with a step of 2.5 m/s. A sampling rate of 10 kHz is used.
The frequency spectrum is obtained using Welch’s modified periodogram method[94] with a
resolution of 1 Hz. The dimensionless acoustic pressure amplitude P∗ = P/0.5ρU2∞ and the
reduced flow velocity Ur =U∞/( faL) are used to compare the measured acoustic pressure of
different configurations, where U∞ is the upstream flow velocity, fa is the acoustic cross-mode
frequency, and L is the cavity length.
Particle Image Velocimetry measurements were carried out for the case of a single cavity. The
PIV measurements are performed using a LaVision PIV system, shown in Fig. 2.4, equipped with
a double head Nd:YAG laser generating two laser beams of wavelength 532 nm at a maximum
frequency of 15 Hz and peak power of 200 mJ. A double frame 12-bit CMOS camera with a
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Figure 2.4: (a) PCB pressure microphone (b) PCB signal conditioner and NI data acquisition
card
resolution of 2752 × 2200 pixels, equivalent to a field of view of 165 mm × 114 mm, is used to
capture pairs of images in synchronization with the laser beam. An aerosol generator, shown in
Fig. 2.5, is utilized to seed the flow using DEHS as seeding material with a maximum particle
size of 1 µm to ensure a homogeneous distribution of seeding particles among the flow field,
settings described in details by Shaaban and Mohany [95]. The signal from the microphone
attached to the base of the cavity is used to trigger the PIV system in order to perform phase-
Locked PIV measurements[96]. The measurements were taken at eight equally-distributed
phases over the period of the acoustic pressure cycle. For each phase, 150 instantaneous pairs of
images are acquired. PIV measurements were phase-locked to provide an ensemble-averaged
phase instant of the acoustic pressure cycle during acoustic resonance excitation at an upstream
flow velocity of U∞ = 37.5 m/s. Due to the size of the domain, particle image velocimetry
measurements were limited to the shear layer development over the mouth of the cavity.







Figure 2.5: Aerosol generator.
2.2.2 Numerical Methodology
The coupling between the flow and acoustic fields over an axisymmetric cavity is investigated
by means of a two-dimensional compressible Unsteady Reynolds-Averaged Navier-Stokes
(URANS) equations. A schematic of the computational domain used in the case of oppo-
site rectangular cavities is shown in Fig. 2.6. The mesh used for the other cases has the same
characteristics and are structured in an identical manner. The numerical domains consist of inlet,
outlet, and cavity zones. The domains extend 2.5 L in the upstream and downstream directions
in order to allow for adequate flow development, prevent any significant effect of the inlet and
exit boundary conditions on the cavity region, and reduce the effect of acoustic radiation from
the test section ends [97]. The dimensions of the cavity and the wall separation are identical to
the cases selected for experimental investigation to identify the flow patterns associated with the
experimental observations. A fully-coupled transient solver for compressible turbulent flows is
used to directly solve the two-dimensional Unsteady Reynolds-Averaged Navier-Stokes equa-
tions in order to model the flow dynamics and the aeroacoustic response. The pressure-implicit
with splitting of operator algorithm is used to resolve the pressure-velocity coupling [98]. The
second order bounded Crank-Nicolson scheme is used for temporal discretization [99]. A Gauss
linear-Upwind scheme is used for the spatial discretization of the convective terms in the momen-
tum equation, and a Gauss linear gradient differentiation scheme is used for the diffusive terms.
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All the implemented schemes have second order accuracy, necessary to capture self-initiation
and fine resolution of the transient and periodic flow structures [100].
The Reynolds stress model was used to model the turbulence by solving transport equations
for the Reynolds stresses, together with an equation for the dissipation rate, as it provides
accurate predictions in flows with high anisotropy similar to the separating and impingement
flows under high pressure amplitudes [101]. The anisotropic total stress tensor is modelled to
satisfy the transport equation:
Dρu′iu′j
Dt
= ΓT,i j +ΓL,i j−Pi, j +Φi, j− εi, j (2.2)














are obtained from the solution of the coupled continuity and momentum equations. However,
the turbulent diffusion term ΓT,i j, the pressure strain Φi, j, and the dissipation εi, j are modeled to






















The two dimensional simulation of the Reynolds Stress Model is performed by solving
for four components of the Reynolds Stresses tensor. As the mean velocity uz is not included
in the formulation, the Reynold stress u′zu′z is solved for as it constitutes part of the turbulent






)/2. As a result, the continuity and momentum
equations are solved along with five transport equations for u′xu′x,u′yu′y,u′xu′y, u′zu′z, and ε .
The simulation is performed at a range of Reynolds number between ReL = 2.9×105 and
3.6×105 based on the cavity length L. The properties of air are fixed at their values at 20 ◦C, and
the density is calculated from the ideal gas equation. A sensitivity analysis was carried out on
the flow domain, shown in Fig. 2.7, to ensure that the results have no dependency on the domain
length, time step, or the mesh node count. The data in Fig. 2.7 shows the predicted frequency
of the first acoustic cross-mode at an inlet flow velocity equivalent to Reynolds number value
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FIG. 3. The mesh used for the case of double assymetric cavities with
L/D1 = 1.0 and L/D2 = 1.67.
tions. A fully-coupled transient solver for compressible tur-
bulent flows is used to directly solve the two-dimensional Un-
steady Reynolds-Averaged Navier-Stokes equations in order
to model the flow dynamics and the aeroacoustic response.
The pressure-implicit with splitting of operator algorithm is
used to resolve the pressure-velocity coupling51. The second
order bounded Crank-Nicolson scheme is used for temporal
discretization52. A Gauss linear-Upwind scheme is used for
the spatial discretization of the convective terms in the mo-
mentum equation, and a Gauss linear gradient differentiation
scheme is used for the diffusive terms. All the implemented
schemes have second order accuracy, necessary to capture self-
initiation and fine resolution of the transient and periodic flow
structures53.
The Reynolds stress model was used to model the turbu-
lence by solving transport equations for the Reynolds stresses,
together with an equation for the dissipation rate, as it pro-
vides accurate predictions in flows with high anisotropy similar
to the separating and impingement flows under high pressure
amplitudes54. The anisotropic total stress tensor is modelled





= ΓT,ij + ΓL,ij − Pi,j + Φi,j − εi,j (2)
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the solution of the coupled continuity and momentum equa-
tions. However, the turbulent diffusion term ΓT,ij , the pres-



































FIG. 4. Effect of (a) the domain length (b) the number of mesh nodes
and (c) the time step on the predicted acoustic pressure amplitude and
dominant frequency at an inlet flow velocity of U∞ = 37.5 m/s.
the equations. The scalar dissipation term εi,j is calculated by






















The two dimensional simulation of the Reynolds Stress
Model is performed by solving for four components of the
Reynolds Stresses tensor. As the mean velocity uz is not in-
cluded in the formulation, the Reynold stress u′zu′z is solved







)/2. As a result, the continuity
Figure 2.6: The mesh used for the case of double assymetric cavities with L/D1 = 1.0 and L/D2
= 1.67.
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FIG. 3. The mesh used for the case of double assymetric cavities with
L/D1 = 1.0 and L/D2 = 1.67.
tions. A fully-coupled transient solver for compressible tur-
bulent flows is used to directly solve the two-dimensional Un-
steady Reynolds-Averaged Navier-Stokes equations in order
to model the flow dynamics and the aeroacoustic response.
The pressure-implicit with splitting of operator algorithm is
used to resolve the pressure-velocity coupling51. The second
order bounded Crank-Nicolson scheme is used for temporal
discretization52. A Gauss linear-Upwind scheme is used for
the spatial discretization of the convective terms in the mo-
mentum equation, and a Gauss linear gradient differentiation
scheme is used for the diffusive terms. All the implemented
schemes have second order accuracy, necessary to capture self-
initiation and fine resolution of the transient and periodic flow
structures53.
The Reynolds stress model was used to model the turbu-
lence by solving transport equations for the Reynolds stresses,
together with an equation for the dissipation rate, as it pro-
vides accurate predictions in flows with high anisotropy similar
to the separating and impingement flows under high pressure
amplitudes54. The anisotropic total stress tensor is modelled





= ΓT,ij + ΓL,ij − Pi,j + Φi,j − εi,j (2)
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) are obtained from
the solution of the coupled continuity and momentum equa-
tions. However, the turbulent diffusion term ΓT,ij , the pres-



































FIG. 4. Effect of (a) the domain length (b) the number of mesh nodes
and (c) the time step on the predicted acoustic pressure amplitude and
dominant frequency at an inlet flow velocity of U∞ = 37.5 m/s.
the equations. The scalar dissipation term εi,j is calculated by






















The two dimensional simulation of the Reynolds Stress
Model is performed by solving for four components of the
Reynolds Stresses tensor. As the mean velocity uz is not in-
cluded in the formulation, the Reynold stress u′zu′z is solved







)/2. As a result, the continuity
Figure 2.7: Effect of (a) the domain length (b) the number of mesh nodes and (c) the time step
on the predicted acoustic p ssure amplitud and dominant frequency at an inlet flow velocity of
U∞ = 37.5 m/s.
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of 3.1×105 for different domain length, meshes, and time steps. The length of the domain was
adjusted to avoid any influence of the location of the boundaries on the value of the generated
acoustic pressure frequency. Using number of nodes less than 3.3×105 or a time step higher
than 2×10−5 s results in an increase in the predicted acoustic pressure frequency. A Number of
hexagonal structured grid elements of 1.2×106 and a time step of 5×10−6 s is used to achieve
a value less than 1, and 4 for the convective, and acoustic Courant numbers, respectively, to
capture the details of the transient flow and to resolve the flow-acoustic coupling and predict
self-excitation of resonance.
The inlet boundary condition is set as a velocity inlet with uniform velocity U∞. The outlet
boundary is specified to ensure no pressure gradient normal to the wall, while preventing any
back flow. The pressure boundary condition on the inlet and outlet boundaries follows a non-
reflecting wave-transmissive condition based on the characteristic wave relations derived from
the Euler equations, so that the pressure at the boundaries relaxes gradually toward the imposed
pressure in the far field. Pressure monitor points pa and pd are located at the middle of the base
of the top and bottom cavities, respectively, to capture the amplitude and phase characteristics
of the excited resonance for comparison with the experimental observations. For each cavity
configuration, the simulation is initialized at a constant flow velocity and pressure and run until
a steady-state periodic flow pattern is achieved. In all cases, the coupled numerical model was
capable of capturing the coupled dynamics of the flow over the studied cavity configurations, and
the feedback cycle was initiated. As the solution progresses, the pressure field starts to fluctuate
around its mean component at an increasing amplitude until it reaches a steady amplitude. At
the steady state, the frequency of the acoustic fluctuations are within 2% of the experimental
value, as seen in table 2.1.
2.2.3 Quantification of acoustic energy exchange
To investigate the influence of the cavity geometry on the acoustic power transfer during acoustic
resonance excitation, Howe’s integral formulation of the aerodynamic sound [102] is imple-
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mented. For incompressible flows at low Mach numbers, Howe [103] showed that the sound
generation by the fluctuating fluid forces caused by a vorticity field can be modeled as a dipole
source. For an unsteady flow field with a vorticity field ω , acoustic particle velocity field ua,
and flow velocity field ~U , the instantaneous acoustic power Π can be approximated by the first




~ω · (~U× ~ua)dV (2.4)
An algorithm is developed to compute the transient acoustic energy transfer rate over the two
dimensional cavity field. The acoustic particle velocity and the flow velocity and vorticity fields
are obtained through numerical simulation and interpolated to the same hexagonal mesh, with a
minimum element size of 0.1 mm. The acoustic pressure amplitude from the experimental mea-
surements is used to scale the normalized acoustic pressure field for each configuration. During
self-excitation of acoustic resonance, the time variation of the acoustic pressure is modeled as a
simple harmonic motion p(t) = Pei(2π fa)t . The spatial distribution of acoustic pressure P for the
excited mode is calculated using a finite element analysis of the three dimensional domain for
the four cases discussed in table 2.1. An eigenvalue modal analysis is performed to obtain the
acoustic pressure and the vectors of acoustic particle velocity for the first acoustic cross-mode
by solving the Helmholtz equation (Eq. 2.5),
∇2ϕ + k2ϕ = 0 (2.5)
where k = 2π fa/c is the wavenumber and where ϕ is the complex potential scalar function. A
three dimensional tetrahedral mesh with a maximum element size of 1 mm is used to discretize
the acoustic domain, which have the same dimensions of the test section.
The Euler’s equation (Eq. 2.6) relates the acoustic particle velocity distribution with the
distribution of the acoustic pressure in the domain.





The integral of the Euler’s equation is used to calculate the field of acoustic particle velocity ~Ua.
~Ua(x,y,z) =
Pexp∇p(x,y,z)
2π ·ρ · fa
(2.7)
where the measured acoustic pressure Pexp is used to scale the normalized pressure p(x,y,z) for
each case. The acoustic particle velocity of the resonant mode lags the acoustic pressure by
a phase of φ = π2 at resonant conditions and therefore is adjusted to obtain the instantaneous
distribution corresponding to the phase of the acoustic pressure cycle as:
~ua(x,y,z, t) = ~Ua sin(2π fat +φ) (2.8)
The obtained flow and acoustic quantities are then used in Eq. 2.4 to calculate the instantaneous
energy production Π(x,y, t) at all phase instants. The field of spatial acoustic power net source
is obtained by algebraically integrating the instantaneous fields over a complete acoustic cycle.
2.3 Characteristics of the flow-acoustic coupling
In order to validate the accuracy of the model in capturing the flow-acoustic coupling details,
velocity profiles along the shear layer are compared to PIV measurements at several streamwise
locations over the cavity. First, Fig. 2.8 shows the profiles of the average flow velocity at
different locations along the cavity mouth for the case of a single cavity with L/D1 = 1.0, where
the numerical predictions show a good agreement with the experimental observations. The
upstream flow velocity is 37.5 m/s equivalent to a Reynolds number Re = 3.1× 105, which
resulted in the excitation of acoustic resonance. Figure 2.8 shows that the velocity profile at
the upstream edge prior to separation is well predicted by the numerical model, resulting in an























FIG. 5. Average flow velocity profiles at different locations along the
cavity mouth for a single cavity with L/D1 = 1.0 at Re = 3.1×105
The obtained flow and acoustic quantities are then used in Eq.
4 to calculate the instantaneous energy production Π(x, y, t)
at all phase instants. The field of spatial acoustic power net
source is obtained by algebraically integrating the instanta-
neous fields over a complete acoustic cycle.
III. CHARACTERISTICS OF THE FLOW-ACOUSTIC
COUPLING
In order to validate the accuracy of the model in capturing
the flow-acoustic coupling details. First, Fig. 5 shows the pro-
files of the average flow velocity at different locations along the
cavity mouth for the case of a single cavity with L/D1 = 1.0,
where the numerical predictions show a good agreement with
the experimental observations. The upstream flow velocity is
37.5 m/s equivalent to a Reynolds number Re = 3.1 × 105,
which resulted in the excitation of acoustic resonance. Figure
5 shows that the velocity profile at the upstream edge prior to
separation is well predicted by the numerical model, resulting
in an accurate profile of the boundary layer. This particular
profile is vital to the topology and dynamic instability of the
shear layer as it separates over the mouth of the cavity57. More-
over, In the vicinity of the cavity mouth−0.05 ≤ y/L ≤ 0.05,
this deviation does not exceed 1.5%. A deviation reaching up
to u/U∞ = 0.5 m/s occurs at x/L = 0.25 and y/L ≤ -0.1.
As will be shown next, the deviation had no significant effect
on the dynamic characteristics of the shear layer nor on the
coupling of the acoustic and flow fields as the profiles are well
predicted close to the impingement point, where the feedback
is initiated and the acoustic sources are strongest.
Second, Fig. 6 shows a comparison between the predic-
tions of the numerical simulation with the experimental results
for the case of a single cavity with a length to depth ratio of
1.0. The numerical results show that instantaneous vorticity
field and the streamlines over the cavity mouth are well pre-
dicted when compared to the experimental measurements. In
both cases, the location and size of the cores and the vorticity
value are in good agreement. The flow fields in both cases
are used as inputs to the acoustic analogy algorithm to calcu-
late the acoustic power production, which is well predicted
when compared with the experimental results. As the acous-
tic source field is the integration of the acoustic power field
over the acoustic pressure cycle, the algorithm was capable
of providing a comparable prediction using the numerical and
experimental results.
To study the effect of the different cavity configurations on
the aeroacoustic response, Fig. 7 shows the spectral character-
istics of the acoustic pressure signal over a range of upstream
flow velocities up to U∞ = 160 m/s. The acoustic pressure sig-
nal at the cavity wall has a significant dependence on the flow
velocity and the cavity configuration. The frequency of the
acoustic cross-modes are presented as constant-frequency ver-
tical dashed lines. The acoustic cross-mode fundamental fre-
quency strongly depends on the furthest distance between the
side walls, and therefore is slightly different for each configura-
tion. According to the Rossiter formula, Eq. 1, the theoretical
shear layer mode frequencies have a strong dependence on the
length of the cavity and the upstream flow velocity. Therefore,
the first four shear layer modes are approximated as lines in
Fig. 7. At an intersection of a cross-mode line with a shear
layer mode line, frequency coincidence provides a potential
for acoustic resonance excitation. It is clear from Fig. 7 that
acoustic pressure of extremely high amplitudes are detected in
a few frequency coincidence events. Moreover, the acoustic
pressure at coincidence varies in strength and in the range of
flow velocities over which it persists, demonstrating that the
mechanism of acoustic resonance excitation in this configura-
tion is strongly dependent on the geometry and flow velocity.
The excitation of the first acoustic cross-mode n=1 by the
first acoustic shear layer mode St ≈ 0.5 resulted in acoustic
resonance with sound pressure levels in excess of 140 dB for
all cases. Nonetheless, the range of flow velocities over which
acoustic resonance was observed at a constant frequency due to
the state of lock-in changed with the change in geometry. For
a single cavity at L/D1 = 1.00, Strong acoustic oscillations at
a frequency fa = 481Hz were observed at upstream velocities
between U∞ = 110 m/s and 145 m/s. However, for a double
symmetric cavity, acoustic resonance was excited at flow ve-
locities as low as 90 m/s. This different range can be partly
attributed to the slight change in the acoustic mode frequency,
which results in coincidence conditions at lower flow velocities
for double cavities. On the other hand, lower upstream flow
velocities imply that the supply of kinetic energy available for
the acoustic field is lower for the double cavity cases, leading
to a weaker acoustic resonance excitation. Meanwhile, results
in figure 7 clearly show that the acoustic resonance excited by
double symmetric cavities is the strongest, compared to the
other cavity configurations, at 170 dB and persistent over a
wide range of flow velocities, indicating that the symmetric ge-
ometry of the double symmetric cavity provides a particularly
high enhancement to the acoustic resonance excitation.
The distinct dominance of the double symmetric cavity con-
figuration can be verified by examining acoustic resonance ex-
Figure 2.8: Average flow velocity profiles at different locations along the cavity mouth for a
single cavity with L/D1 = 1.0 at Re = 3.1×105
accurate profile of the boundary layer. This particular profile is vital to the topology and dynamic
instability of the shear layer as it separates over the mouth of t cavity[104]. Moreover, In
the vicinity of the cavity mouth −0.05≤ y/L≤ 0.05, this deviation does not exceed 1.5%. A
deviation reaching up to u/U∞ = 0.5 m/s occurs at x/ = 0.25 and y/L≤ -0.1. As will be shown
next, the deviation had no significant effect on the dynamic characteristics of the sh ar layer
nor on the coupling of the acoustic and flow fields as the profiles are well predicted close o the
impingement point, where the feedback is initiated and the acoustic sources are strongest.
Second, Fig. 2.9 shows a comparison between the predictions of the numerical simulation
with the experimental results for th case of a single cavity with a length to depth ratio of 1.0.
The numerical results show t at instantaneous vorticity field nd th streamlines over the cavity
mouth are well predicted when compared to the experimental measurements. In both cases, the
location and size of the cores and the vorticity value are in good agreement. The flow fields
in both cases are used as inputs to the acoustic analogy algorithm to calculate the acoustic
power production, which is well predicted when compared with the experimental results. As
the acoustic source field is the integration of the acoustic power field over the acoustic pressure
cycle, the algorithm was capable of providing a com arable pr diction using the numerical and
experimental results.
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Figure 2.9: [(a),(b)] contours of instantaneous vorticity, [(c),(d)] instantaneous acoustic power
generation, and [(e),(f)] total acoustic power source field over the cycle. Left: PIV measurements.
Right: Coupled simulation.
To study the effect of the different cavity configurations on the aeroacoustic response, Fig.
2.10 shows the spectral characteristics of the acoustic pressure signal over a range of upstream
flow velocities up to U∞ = 160 m/s. The acoustic pressure signal at the cavity wall has a
significant dependence on the flow velocity and the cavity configuration. The frequency of the
acoustic cross-modes are presented as constant-frequency vertical dashed lines. The acoustic
cross-mode fundamental frequency strongly depends on the furthest distance between the side
walls, and therefore is slightly different for each configuration. According to the Rossiter
formula, Eq. 2.1, the theoretical shear layer mode frequencies have a strong dependence on the
length of the cavity and the upstream flow velocity. Therefore, the first four shear layer modes
are approximated as lines in Fig. 2.10. At an intersection of a cross-mode line with a shear layer
mode line, frequency coincidence provides a potential for acoustic resonance excitation. It is
clear from Fig. 2.10 that acoustic pressure of extremely high amplitudes are detected in a few
frequency coincidence events. Moreover, the acoustic pressure at coincidence varies in strength
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Figure 2.10: The spectral characteristics of the acoustic pressure signal at the cavity wall at
different flow velocities for (a) a single cavity with an aspect ratio of L/D1 = 1.00, (b) a single
cavity with an aspect ratio of L/D1 = 1.67, (c) a double symmetric cavity with an aspect ratio of
L/D1 = 1.00 each, and (d) a double asymmetric cavity with aspect ratios of L/D1 = 1.00 and
L/D2 = 1.67.
and in the range of flow velocities over which it persists, demonstrating that the mechanism of
acoustic resonance excitation in this configuration is strongly dependent on the geometry and
flow velocity.
The excitation of the first acoustic cross-mode n=1 by the first acoustic shear layer mode
St ≈ 0.5 resulted in acoustic resonance with sound pressure levels in excess of 140 dB for all
cases. Nonetheless, the range of flow velocities over which acoustic resonance was observed
at a constant frequency due to the state of lock-in changed with the change in geometry. For
a single cavity at L/D1 = 1.00, Strong acoustic oscillations at a frequency fa = 481 Hz were
observed at upstream velocities between U∞ = 110 m/s and 145 m/s. However, for a double
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symmetric cavity, acoustic resonance was excited at flow velocities as low as 90 m/s. This
different range can be partly attributed to the slight change in the acoustic mode frequency,
which results in coincidence conditions at lower flow velocities for double cavities. On the
other hand, lower upstream flow velocities imply that the supply of kinetic energy available for
the acoustic field is lower for the double cavity cases, leading to a weaker acoustic resonance
excitation. Meanwhile, results in figure 2.10 clearly show that the acoustic resonance excited by
double symmetric cavities is the strongest, compared to the other cavity configurations, at 170
dB and persistent over a wide range of flow velocities, indicating that the symmetric geometry of
the double symmetric cavity provides a particularly high enhancement to the acoustic resonance
excitation.
The distinct dominance of the double symmetric cavity configuration can be verified by
examining acoustic resonance excitation with the different shear layer modes. Figure 2.11 shows
the normalized acoustic pressure for different cavity configurations at three ranges of reduced
velocities at which excitation by the first three shear layer instability modes takes place. At
reduced flow velocities Ur ≤ 0.5, no acoustic resonance excitation events were detected. At
the lowest range of reduced flow velocities 0.5 ≤ Ur ≤ 0.8, the third shear layer mode was
able to excite the first acoustic cross-mode. The acoustic pressure at the cavity floor reaches
a maximum value then drops again to background noise levels as the reduced flow velocity
is increased. Figure 2.11a shows that although it occurs at a different flow velocity for each
configuration, the peak acoustic pressure for the double symmetric cavity is about four times
higher than the other three cases, which have nearly the same magnitude. This shows that the
symmetry of the double cavity plays an important role in the excitation mechanism of the shear
layer. This is an interesting behavior as the shear layers at the wide separation distance of 2 L
are aerodynamically isolated.
In the case of asymmetric cavities, the two shear layers over the opposite cavities have
the same length between the separation and impingement points, while the different depth
means that the acoustic mode is not completely symmetric about the streamwise axis. The
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FIG. 8. Normalized acoustic pressure of the first acoustic cross-mode
over a range of reduced flow velocities for four different cavity con-
figurations represented in table I, resulting from excitation by (a) the
third shear layer mode, (b) the second shear layer mode, (c) the first
shear layer mode.
but there is a slight shift in the phase of the acoustic pressure,
which is 165◦ out-of-phase. This asymmetry in the acoustic
pressure field can have significant consequences on the trans-
fer of energy between the flow and the acoustic cycles, which
is sensitive to the phase between the periodic cycles of the two
fields.
Figure 11 (Multimedia view) shows the instantaneous acous-
tic pressure at a phase lag of φ = 90◦ from the start of the acous-
tic pressure cycle. At this instant, the acoustic pressure reaches
its maximum value at the center of the bottom cavity. For the
double symmetric cavity in Fig. 11c (Multimedia view), the
acoustic pressure field at this instant is symmetric around the
streamwise direction y/L = 1. The pressure amplitude is sym-
metric and higher than 0.5pmax inside the two cavities. The
pressure fluctuations associated with the vorticity field are in-
significant compared to the acoustic mode amplitude. Outside
the two cavities, the acoustic pressure amplitude falls rapidly.
For the other three cases, the acoustic pressure distribution is
not symmetric due to the geometry of each configuration. The
cavity with L/D1 = 1.00 exhibits higher acoustic amplitudes,
and a more rapid decay in the acoustic pressure, showing that
the acoustic mode energy is trapped inside the cavity, resulting
in high acoustic amplitudes. In contrast, the cavity with L/D1
= 1.67 has a lower acoustic pressure and the acoustic pressure
amplitude is spread out of the cavity. For the cases that lack
symmetry, the pressure fluctuations due to the vorticity are
more significant.
In order to study the interaction between the flow field and
the acoustic field, Fig. 12 (Multimedia view) shows the shear
layer vorticity fields and the acoustic particle velocity at two
instants in the acoustic pressure cycle. At φ = 0, the acoustic
particle velocity vectors reach their maxima, and at φ = 180◦,
the acoustic particle velocity vectors reach their minima. In all
cases, three vortex cores are observed over the cavity mouth
for both instants regardless of the cavity depth. This is charac-
teristic of the excitation of the third shear layer mode, which
agrees with the experimental observations at the same flow
velocities. For single cavities, the different aspect ratios had
no effect on the vorticity distribution over the cavity. Mean-
while, the acoustic particle velocity vectors were significantly
different at the cavity leading and trailing edge. For a single
cavity with L/D1 = 1.00, the acoustic particle velocity is con-
centrated around the cavity mouth, where interactions with the
vorticity field are bound to produce acoustic energy and lead
to resonance excitation. As a result, the change in the aspect
ratio significantly affect the aeroacoustic coupling.
The same finding regarding the effect of the cavity aspect
ratio hold for the double cavity cases, where the deeper cav-
ity has a concentration of the acoustic velocity vectors around
the cavity mouth. An important feature of the double cavity
configurations is the synchronization of vortex shedding at the
separation points for the two cavities. The two cavities are
separated by a distance of 2L, which is much higher than the
upper limit for any aerodynamic influence by the two shear
layers on each other. The two shear layers are, however, con-
Figure 2.11: Normalized acoustic pressure of the first acoustic cross-mode over a range of
reduced flow velocities for four different cavity configurations represented in table 2.1, resulting
from excitation by (a) the third shear layer mode, (b) the second shear lay r mode, (c) the first
shear layer mode.
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significant increase in acoustic pressure for the case of the double symmetric cavities suggests
that the feedback mechanism is further strengthened by the symmetry of the acoustic cross-
mode. Figures 2.11b and c show that the same conclusion holds during the excitation of
acoustic resonance by the lower shear layer modes which occur at higher flow velocities. In the
following discussion, the dynamic flow characteristics for these four configurations are presented
to demonstrate the effect of the configuration symmetry on the resonance excitation mechanism.
2.4 Effect of double cavity symmetry
Figure 2.12 shows the acoustic pressure amplitude distribution of the first acoustic cross-mode
for the four configurations under investigation. Contours of the acoustic pressure amplitude
normalized by the maximum pressure amplitude show distinct features of the fundamental
acoustic mode that is subject to excitation by flow instability. Negative pressure amplitudes
refer to a phase angle of 180◦ out of phase with the maximum pressure. First, the fundamental
cross-mode has a two-dimensional topology in all cases, with the pressure contours extending
across the span-wise direction. For the case of two opposite cavities of the same aspect ratios,
the local pressure amplitude maxima are located at the middle of the opposite cavity floors.
Figure 2.12c indicates that the acoustic mode is antisymmetric about the streamline direction,
with the phase between the two halves at 180◦. The predicted frequency of this mode is 417 Hz.
In Fig. 2.12d, the different depth of the cavities distorts the symmetry of the pressure contours,
leading to a different pressure amplitudes near the cavity mouth, and a frequency of 450 Hz. It
is expected that this variations would lead to different behaviors when the cavities are subject to
the potential coupling with the instabilities of the shear layer separation.
The characteristics of the periodic flow cycle is presented to demonstrate both the instan-
taneous and the average flow behaviour at the conditions of the self-excitation of acoustic
resonance. The numerical model was able to accurately simulate the feedback mechanism in
all cases, and the acoustic resonance was self-excited in form of a fluctuating pressure field.
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FIG. 9. Contours of the acoustic pressure amplitude of the first acoustic cross-mode in the condition of no upstream flow for (a) a single cavity
with an aspect ratio of L/D1 = 1, (2) a single cavity with an aspect ratio of L/D1 = 1.67, (c) a double symmetric cavity with an aspect ratio of
L/D1 = 1 each, and (d) a double asymmetric cavity with aspect ratios of L/D1 = 1 and L/D2 = 1.67.
TABLE II. Phase angles in degrees between top and bottom cavities
for the different double cavity configurations
φp,a−d [deg] φv,b−c [deg] φω,b−c [deg]
Double symmetric 180 0 180
Double asymmetric 165 77 100
nected by the pattern of the acoustic particle velocity, resulting
in a specific shedding order as will be discussed next.
Although the two opposite shear layers are separated by a
distance 2L for the configurations of two opposite cavities, the
results discussed so far indicate that the acoustic and flow phe-
nomena at the shear layers and inside the two cavities are cor-
related during the self-excitation of acoustic resonance. More-
over, the results also demonstrate a significant effect of the
symmetry of the cavity aspect ratio, and in turn the topology
of the first acoustic mode, on the shear layer dynamics.
To quantify this effect, the synchronization of the vortex
separation and impingement pattern between the leading and
trailing edges of the two opposite cavities is investigated. Ta-
ble II compares the correlation between the flow and acoustic
dynamics at the two cavities through three phase angles for the
two configurations. The phase angle φp represents the phase
between the acoustic pressure signal at top and bottom walls
during acoustic resonance excitation. φv represents the phase
difference of the transverse flow velocity v at the middle of the
shear layer planes (points b and c in Fig. 2). In the coupled
model, the transverse velocity at the plane of impingement is
closely related to the acoustic mode particle velocity and has
an important rule in acoustic power transfer. Representing the
shear layer instability, the synchronization of the vorticity field
is illustrated by the phase angle φω between the vorticity value
at the middle of the shear layer (at points b, c in Fig. 2). Table
II shows that the symmetry of the double cavity configuration
has a significant effect on the three phase angles. For the case
of double symmetric cavities, it is found that the pressure is
180◦ out of phase between the two cavities at the wall of the
cavities, while it is 165◦ out of phase when the cavity aspect
ratios are different. At the shear layer plane, the difference is
even higher. The transverse velocities at the mouth of the two
cavities are exactly in phase when the two cavities are symmet-
rical, following the expected pattern of a pure standing wave
for the first acoustic cross-mode. In such mode, the acoustic
Figure 2.12: Contours of the acoustic pressure amplitude of the first acoustic cross-mode in the
condition of no upstream flow for (a) a single cavity with an aspect ratio of L/D1 = 1, (2) a
single cavity with an aspect ratio of L/D1 = 1.67, ( ) a double symmetric c vity with an aspect
ratio of L/D1 = 1 each, and (d) a double asymmetric cavity with aspect ratios of L/D1 = 1 and
L/D2 = 1.67.
Figure 2.13 shows the oscillating pressure component over one complete cycle for the different
configurations recorded at the pressure antinodes of the first acoustic cross-mode. For the case of
the single cavities shown in Fig. 2.13 a and b, t e pressur reac s its maximum value inside the
cavity. At e antin e located at th wall opposite to the cavity, t e acoustic pressure reaches
nearly half of its value inside the cavity. The two antinodes are 180◦ out-of-phase with each
other similar to the first acoustic cross mode pattern shown in Fig. 2.12.
For double symmetric cavities, the acoustic pressure cycle shown in Fig. 2.13c indicates that
the acoustic pressure at the two antinodes has the same value and is exactly 180◦ out of phase.
This suggests that the symmetry of the configuration reinforces the acoustic mode so that it is
mirrored in the two opposite cavities, and this symmetry would have an effect on the dynamics
of the shear layers. The significance of this symmetry becomes clear when contrasted with the
case of double asymmetric cavities. Figure 2.13d shows two different amplitudes for the acoustic
pressure at the antinodes which are located at the opposite centers of the two cavities. Not only




















































FIG. 10. One cycle of the normalized acoustic pressure (a) Single
L/D1 = 1, (b) Single L/D1 = 1.67, (c) Double symmetric, and (d)
Double asymmetric.
particle velocity is strictly in phase at the whole domain. On
the other hand, the difference in the aspect ratios of the cavities
in the asymmetric configuration had a significant deviation of
77◦ from the pure standing wave phase. The same conclusion
is detected for the phase of the vorticity signal, which deviates
by nearly the same 80◦ from the pure standing wave pattern
for the asymmetric case. This shows that the separation and
impingement of vorticies are not well aligned with the standing
wave distribution and therefore is not expected to contribute
optimally to the excitation of acoustic resonance.
To further demonstrate the influence of the excited acoustic
mode on the flow behavior over the cavity mouth, the instanta-
neous vorticity field is shown in Fig. 13 (Multimedia view) at
the two separation and impingement planes for the two double
cavity configurations. When the two opposite cavities have the
same aspect ratio, the separation and impingement of the vor-
tices on the top and bottom cavities are organized over the two
shear layers in the same pattern. The distance between two
successive vortices starts at 0.33 L, then the separated vortex
speeds up so that the distance is 0.42 L over 90% of the shear
layer length, then the distance briefly drops to 0.37 L as the
downstream vortex impinges on the trailing edge. More im-
portantly, the pattern is the same for the upper and lower shear
layers, occurring in an antisymmetric order so that the centers
of the opposite vortices are separated by a constant horizontal
distance of 0.21 L. On the other hand, the pattern is not com-
pletely antisymmetric if the aspect ratios of the two opposite
cavities are different. In Fig. 13b (Multimedia view), the two
shear layers speeds up and impinges differently, resulting in
a slightly different horizontal spacing between the centers of
opposite vortices, varying between 0.25L and 0.30L. When
the simulation initial conditions were altered, the same phases
were observed after self-excitation of acoustic resonance show-
ing that the pattern is not random, but periodic, demonstrating
that the acoustic field still strongly influences the flow separa-
tion and impingement at the two cavities.
The influence of symmetry on the dynamics of the two op-
posite shear layers is evident in the vortex convection veloc-
ity, which has a significant effect on the shear layer dynamics.
Rossiter18 used a value of uv= 0.57U∞ to identify the frequen-
cies of the shear layer modes. Figure 14 shows the velocity
of the vortex cores as they are conveyed across the shear layer
over the two opposite cavities during acoustic resonance exci-
tation. This velocity was determined by tracking the location
of the vortex center using the scalar eigenvalue λ258,59, and
using a least-square difference scheme to calculate the vortex
convection speed uv/U∞. The values are found to be peri-
odic so that the vortex lasts three acoustic cycles, confirming
the excitation of the third acoustic shear layer mode. For the
symmetric configuration, the vortices conveyed across the op-
posite shear layers have the same average convective velocity
uv/U∞ = 0.59, and have the same velocity when they are at
the same location across the shear layer. It is important to note
that the vortices are not at the same location across the cavities
at the same time because of the antisymmetric shedding pat-
tern. In contrast, vortices conveyed across the two shear layers
over cavities of different aspect ratios have different speeds
although they path the same distance at the same upstream
velocity. The average convective speeds are uv/U∞ = 0.58
and 0.61 over the deeper and shallower cavities, respectively.
The depth of the cavities and the separation of the two shear
layers proof that this variation is caused by the difference in
the strong acoustic pressure and acoustic particles velocities
shown in Fig. 11 (Multimedia view) and Fig. 12 (Multimedia
view).
Figure 2.13: One cycle of the normalized acoustic pressure (a) Single L/D1 = 1, (b) Single
L/D1 = 1.67, (c) Double symmetric, and (d) Double asymmetric.
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FIG. 11. Instantaneous normalized acoustic pressure contours at φ = 90◦ (a) Single L/D1 = 1 (Multimedia view), (b) Single L/D1 = 1.67
(Multimedia view), (c) Double symmetric (Multimedia view), and (d) Double asymmetric (Multimedia view).
The discussion in this section revealed several effects of the
assymetry of the cavity configuration on the topology and dy-
namic characteristics of the flow and acoustic fields. These de-
viations from symmetry are bound to affect the mechanism of
acoustic resonance excitation by impacting the optimal transfer
of energy between the flow and the acoustic fields, resulting in
the lower strength of acoustic resonance excitation in the case
of assymetric cavities at frequency coincidence, as indicated
experimentally in Fig. 8c. In the next discussion, the transfer
of acoustic energy is evaluated through the aeroacoustic anal-
ogy to explore the effects symmetry has on the mechanism of
acoustic resonance excitation.
V. ACOUSTIC ENERGY TRANSFER IN THE COUPLED
FIELD
In this section, the effect of different cavities configurations
on the transfer of acoustic energy from the flow field to the
acoustic field during acoustic resonance excitation is presented.
Figure15 (Multimedia view) shows two instants in the pressure
cycle where the generated instantaneous acoustic power is at
its maximum source rate at φ = 0◦ and at its maximum sink
rate at φ = 180◦. Figures 15a (Multimedia view) and 15b
(Multimedia view) show that the distribution of the instanta-
neous acoustic sources and sinks is slightly affected by the
aspect ratio, despite the significant differences of the vorticity
and acoustic particle velocity patterns in case of the cavity with
aspect ratio L/D1 = 1.67, as shown in Fig. 12 (Multimedia
view). As the pattern of vortex separation and impingement is
essentially similar, the two single cavity configurations gener-
ated almost the same instantaneous acoustic power.
For the case of the double symmetric cavity represented in
Fig. 15c (Multimedia view), the acoustic sources and sinks
over the top and bottom cavity mouths are antisymmetric.
Each source is opposite to a sink and vice versa, as the stag-
gered alignment is enforced by the interaction between the
acoustic particle velocity and the vorticity filed, which was
aligned in a staggered way as well. Moreover, the intensity of
the sources and sinks are higher compared to the other config-
Figure 2.14: Instantaneous normalized acoustic pressure contours at φ = 90◦ (a) Single L/D1
= 1 (Multimedia view), (b) Single L/D1 = 1.67 (Multimedia view), (c) Double symmetric
(Multimedia view), and (d) Double asymmetric (Multimedia view).
that, but there is a slight shift in the phase of the acoustic pressure, which is 165◦ out-of-phase.
This asymmetry in the acoustic pressure field can have significant consequences on the transfer
of energy between the flow and the acoustic cycles, which is sensitive to the phase between the
periodic cycles of the two fields.
Figure 2.14 (Multimedia view) hows the instantan ous acoustic pressure at a phase lag
of φ = 90◦ from the start of the acoustic pressure cycle. At this instant, the acoustic pressure
reaches its maximum value at the center of the bottom cavity. For the double symmetric
cavity in Fig. 2.14c (Multimedia view), the acoustic pressure field at this instant is symmetric
around the streamwise direction y/L = 1. The pressure amplitude is symmetric and higher than
0.5pmax inside the two cavities. The pressure fluctuations associated with the vorticity field are
insignificant compared to the acoustic mode amplitude. Outside the two cavities, the acoustic
pressure amplitude falls rapidly. For the other three cases, the acoustic pressure distribution is
not symmetric due to the geometry of each configuration. The cavity with L/D1 = 1.00 exhibits
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higher acoustic amplitudes, and a more rapid decay in the acoustic pressure, showing that the
acoustic mode energy is trapped inside the cavity, resulting in high acoustic amplitudes. In
contrast, the cavity with L/D1 = 1.67 has a lower acoustic pressure and the acoustic pressure
amplitude is spread out of the cavity. For the cases that lack symmetry, the pressure fluctuations
due to the vorticity are more significant.
In order to study the interaction between the flow field and the acoustic field, Fig. 2.15
(Multimedia view) shows the shear layer vorticity fields and the acoustic particle velocity at two
instants in the acoustic pressure cycle. At φ = 0, the acoustic particle velocity vectors reach
their maxima, and at φ = 180◦, the acoustic particle velocity vectors reach their minima. In all
cases, three vortex cores are observed over the cavity mouth for both instants regardless of the
cavity depth. This is characteristic of the excitation of the third shear layer mode, which agrees
with the experimental observations at the same flow velocities. For single cavities, the different
aspect ratios had no effect on the vorticity distribution over the cavity. Meanwhile, the acoustic
particle velocity vectors were significantly different at the cavity leading and trailing edge. For
a single cavity with L/D1 = 1.00, the acoustic particle velocity is concentrated around the cavity
mouth, where interactions with the vorticity field are bound to produce acoustic energy and
lead to resonance excitation. As a result, the change in the aspect ratio significantly affect the
aeroacoustic coupling.
The same finding regarding the effect of the cavity aspect ratio hold for the double cavity
cases, where the deeper cavity has a concentration of the acoustic velocity vectors around the
cavity mouth. An important feature of the double cavity configurations is the synchronization of
vortex shedding at the separation points for the two cavities. The two cavities are separated by a
distance of 2L, which is much higher than the upper limit for any aerodynamic influence by the
two shear layers on each other. The two shear layers are, however, connected by the pattern of
the acoustic particle velocity, resulting in a specific shedding order as will be discussed next.
Although the two opposite shear layers are separated by a distance 2L for the configurations
of two opposite cavities, the results discussed so far indicate that the acoustic and flow phenom-
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FIG. 12. Instantaneous vorticity contours and acoustic particle velocity vectors at two instants of the acoustic cycle φ = 0◦ and 180◦ for (a-b)
Single L/D1 = 1 (Multimedia view), (c-d) Single L/D1 = 1.67 (Multimedia view), (e-f) Double symmetric (Multimedia view), and (g-h)
Double asymmetric (Multimedia view).
Figure 2.15: Instantaneous vorticity contours and acoustic particle velocity vectors at two
instants of the acoustic cycle φ = 0◦ and 180◦ for (a-b) Single L/D1 = 1 (Multimedia view),
(c-d) Single L/D1 = 1.67 (Multimedia view), (e-f) Double symmetric (Multimedia view), and
(g-h) Double asymmetric (Multimedia view).
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Table 2.2: Phase angles in degrees between top and bottom cavities for the different double
cavity configurations
φp,a−d [deg] φv,b−c [deg] φω,b−c [deg]
Double symmetric 180 0 180
Double asymmetric 165 77 100
ena at the shear layers and inside the two cavities are correlated during the self-excitation of
acoustic resonance. Moreover, the results also demonstrate a significant effect of the symmetry
of the cavity aspect ratio, and in turn the topology of the first acoustic mode, on the shear layer
dynamics.
To quantify this effect, the synchronization of the vortex separation and impingement pattern
between the leading and trailing edges of the two opposite cavities is investigated. Table 2.2
compares the correlation between the flow and acoustic dynamics at the two cavities through
three phase angles for the two configurations. The phase angle φp represents the phase between
the acoustic pressure signal at top and bottom walls during acoustic resonance excitation. φv
represents the phase difference of the transverse flow velocity v at the middle of the shear layer
planes (points b and c in Fig. 2.2). In the coupled model, the transverse velocity at the plane of
impingement is closely related to the acoustic mode particle velocity and has an important rule
in acoustic power transfer. Representing the shear layer instability, the synchronization of the
vorticity field is illustrated by the phase angle φω between the vorticity value at the middle of the
shear layer (at points b, c in Fig. 2.2). Table 2.2 shows that the symmetry of the double cavity
configuration has a significant effect on the three phase angles. For the case of double symmetric
cavities, it is found that the pressure is 180◦ out of phase between the two cavities at the wall
of the cavities, while it is 165◦ out of phase when the cavity aspect ratios are different. At the
shear layer plane, the difference is even higher. The transverse velocities at the mouth of the
two cavities are exactly in phase when the two cavities are symmetrical, following the expected
pattern of a pure standing wave for the first acoustic cross-mode. In such mode, the acoustic
particle velocity is strictly in phase at the whole domain. On the other hand, the difference in
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FIG. 13. The normalized vorticity field at an arbitrary instant showing relative vortex locations for (a) the double symmetric cavity configuration































FIG. 14. The vortex convective velocity for the configurations with
two opposite cavities.
urations and more concentrated which is related to the strong
vorticity field for this case as in Fig. 12e (Multimediaview)
and 12f (Multimedia view). In addition, the identical distribu-
tion of the acoustic particle velocity resulted in equal values
for the instantaneous sources and sinks. On the other hand, for
the case of the double asymmetric cavities, Fig. 15d (Multi-
media view) shows acute differences in the intensity and the
distribution of the instantaneous acoustic sources and sinks be-
tween the top and bottom cavities in both instants. This major
differences is due to the non similarity in the magnitude and
direction of the acoustic particle velocity distribution over the
bottom cavity, L/D1 = 1.67, compared to the top cavity, L/D2
= 1, for both instants shown in Fig. 12g (Multimedia view)
and 12h (Multimedia view).
To determine the locations of the averaged acoustic sources
and sinks over the cavity mouth, the calculated instantaneous
acoustic power is averaged over one cycle for all the studied
cases. Figure 6b shows the distribution of the sources and
sinks over the cavity mouth for a single cavity with aspect ra-
tio L/D1 = 1. The acoustic sound is generated from multiple
locations over the cavity mouth not only at the point of im-
pingement. For the single cavity of aspect ratio L/D1 = 1.67,
Fig. 16a indicates a similar distribution of acoustic sources
and sinks.
Figure 15c (Multimedia view) shows the staggered align-
ment of the instantaneous acoustic sources and sinks for the
case of the double symmetric cavities. This pattern allowed
for a perfect alignment of the averaged acoustic sources and
sinks between the top and bottom cavities as shown in Fig.
16b. This perfect alignment allowed for higher values of the
generated acoustic pressure. In contrast, for the case of the
double asymmetric cavities, it is clear from Fig. 16c that when
the two cavities have different aspect ratio, the topology of
the averaged acoustic power is heavily impacted. The acoustic
Figure 2.16: The normalized vorticity field at an arbitrary instant showing relative vortex loca-
tions for (a) the double symmetric cavity configuration (Multimedia view) and (b) the double
asymmetric cavity configuration (Multimedia view).
the aspect ratios of the cavities in the asymmetric configuration had a significant deviation of
77◦ from the pure standing wave phase. The same conclusion is detected for the phase of the
vorticity signal, which deviates by nearly the same 80◦ from the pure standing wave pattern for
the asymmetric case. This shows that the separation and impingement of vorticies are not well
aligned with the standing wave distribution and therefo e is no expected to contribute opt mally
to the excitation of acoustic resonance.
To further demonstrate the influence of the excited ac ustic mode on the flow behavior over
the cavity mouth, the instantaneous vorticity field is shown in Fig. 2.16 (Multimedia view) at
the two separation and impingement planes for the two double cavity configurations. When the
two opposite cavities have the same aspect ratio, the separation and impingement of the vortices
on the top and bottom cavities are organized over the two she r layers in the same pattern. Th
distance between two successive vortices starts at 0.33 L, then the separated vortex speeds up so
that the distance is 0.42 L over 90% of the shear layer length, then the distance briefly drops to
0.37 L as the downstream vortex impinges on the trailing edge. More importantly, the pattern
is the same for the upper and lower shear layers, occurring in an antisymmetric order so that
the centers of the opposite vortices are separated by a constant horizontal distance of 0.21 L.
On the other hand, the pattern is not completely antisymmetric if the aspect ratios of the two
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FIG. 13. The normalized vorticity field at an arbitrary instant showing relative vortex locations for (a) the double symmetric cavity configuration































FIG. 14. The vortex convective velocity for the configurations with
two opposite cavities.
urations and more concentrated which is related to the strong
vorticity field for this case as in Fig. 12e (Multimediaview)
and 12f (Multimedia view). In addition, the identical distribu-
tion of the acoustic particle velocity resulted in equal values
for the instantaneous sources and sinks. On the other hand, for
the case of the double asymmetric cavities, Fig. 15d (Multi-
media view) shows acute differences in the intensity and the
distribution of the instantaneous acoustic sources and sinks be-
tween the top and bottom cavities in both instants. This major
differences is due to the non similarity in the magnitude and
direction of the acoustic particle velocity distribution over the
bottom cavity, L/D1 = 1.67, compared to the top cavity, L/D2
= 1, for both instants shown in Fig. 12g (Multimedia view)
and 12h (Multimedia view).
To determine the locations of the averaged acoustic sources
and sinks over the cavity mouth, the calculated instantaneous
acoustic power is averaged over one cycle for all the studied
cases. Figure 6b shows the distribution of the sources and
sinks over the cavity mouth for a single cavity with aspect ra-
tio L/D1 = 1. The acoustic sound is generated from multiple
locations over the cavity mouth not only at the point of im-
pingement. For the single cavity of aspect ratio L/D1 = 1.67,
Fig. 16a indicates a similar distribution of acoustic sources
and sinks.
Figure 15c (Multimedia view) shows the staggered align-
ment of the instantaneous acoustic sources and sinks for the
case of the double symmetric cavities. This pattern allowed
for a perfect alignment of the averaged acoustic sources and
sinks between the top and bottom cavities as shown in Fig.
16b. This perfect alignment allowed for higher values of the
generated acoustic pressure. In contrast, for the case of the
double asymmetric cavities, it is clear from Fig. 16c that when
the two cavities have different aspect ratio, the topology of
the averaged acoustic power is heavily impacted. The acoustic
Figure 2.17: The vortex convective elocity for the configurations with two opposite cavities.
opposite cavities are different. In Fig. 2.16b (Multimedia view), the two shear layers speeds up
and impinges differently, resulting in a slightly different horizontal spacing between the centers
of opposite vortices, varying between 0.25L and 0.30L. When the simulation initial conditions
were altered, the same phases were observed after self-excitation of acoustic resonance showing
that the pattern is not random, but periodic, demonstrating that the acoustic field still strongly
influences the flow separation and impingement at the two cavities.
The influence of symmetry on the dynamics of the two opposite shear layers is evident in the
vortex convection velocity, which has a significant effect on the shear layer dynamics. Rossiter
[31] used a value of uv= 0.57U∞ to identify the frequencies of the shear layer modes. Figure
2.17 shows the velocity of the vortex cores as they are conveyed along the shear layer over the
two opposite cavities during acoustic resonance excitation. This velocity was determined by
tracking the location of the vortex center using the scalar eigenvalue λ2 [105, 106], and using a
least-square difference scheme to calculate the vortex convection speed uv/U∞. The values are
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found to be periodic so that the vortex lasts three acoustic cycles, confirming the excitation of the
third acoustic shear layer mode. For the symmetric configuration, the vortices conveyed along
the opposite shear layers have the same average convective velocity uv/U∞ = 0.59, and have the
same velocity when they are at the same location along the shear layer. It is important to note
that the vortices are not at the same location along the cavities at the same time because of the
antisymmetric shedding pattern. In contrast, for the case of asymmetric cavities, although the
vortices propagate the same distance along the shear layer, they have different convective speeds.
The average convective speeds are uv/U∞ = 0.58 and 0.61 over the deeper and shallower cavities,
respectively. The depth of the cavities and the separation of the two shear layers proof that
this variation is caused by the difference in the strong acoustic pressure and acoustic particles
velocities shown in Fig. 2.14 (Multimedia view) and Fig. 2.15 (Multimedia view).
The discussion in this section revealed several effects of the assymetry of the cavity con-
figuration on the topology and dynamic characteristics of the flow and acoustic fields. These
deviations from symmetry are bound to affect the mechanism of acoustic resonance excitation
by impacting the optimal transfer of energy between the flow and the acoustic fields, resulting in
the lower strength of acoustic resonance excitation in the case of assymetric cavities at frequency
coincidence, as indicated experimentally in Fig. 2.11c. The mismatch in the flow and acoustic
field quantities due to the asymmetry of the opposite cavities is an indicator that the flow and
acoustic fields are not in complete sync. Such mismatch suggests that the generation of acoustic
power can occur with phasing other than a complete 180 degrees as in the symmetric case. In
this situation, the in-phase component of the acoustic source power will have an attenuating
effect on the excited acoustic mode. After steady-state excitation is sustained, the out-of-phase
component will have to overcome the system damping as well as the effect of the in-phase
component. In the following discussion, the transfer of acoustic energy is evaluated through
the aeroacoustic analogy to quantify the effect this mismatch has on the acoustic power transfer
sustained by the coupling mechanism.
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2.5 Acoustic Energy Transfer in the coupled field
In this section, the effect of different cavities configurations on the transfer of acoustic en-
ergy from the flow field to the acoustic field during acoustic resonance excitation is presented.
Figure2.18 (Multimedia view) shows two instants in the pressure cycle where the generated
instantaneous acoustic power is at its maximum source rate at φ = 0◦ and at its maximum sink
rate at φ = 180◦. Figures 2.18a (Multimedia view) and 2.18b (Multimedia view) show that the
distribution of the instantaneous acoustic sources and sinks is slightly affected by the aspect
ratio, despite the significant differences of the vorticity and acoustic particle velocity patterns
in case of the cavity with aspect ratio L/D1 = 1.67, as shown in Fig. 2.15 (Multimedia view).
As the pattern of vortex separation and impingement is essentially similar, the two single cavity
configurations generated almost the same instantaneous acoustic power.
For the case of the double symmetric cavity represented in Fig. 2.18c (Multimedia view),
the acoustic sources and sinks over the top and bottom cavity mouths are antisymmetric. Each
source is opposite to a sink and vice versa, as the staggered alignment is enforced by the in-
teraction between the acoustic particle velocity and the vorticity filed, which was aligned in a
staggered way as well. Moreover, the intensity of the sources and sinks are higher compared
to the other configurations and more concentrated which is related to the strong vorticity field
for this case as in Fig. 2.15e (Multimedia view) and 2.15f (Multimedia view). In addition, the
identical distribution of the acoustic particle velocity resulted in equal values for the instanta-
neous sources and sinks. On the other hand, for the case of the double asymmetric cavities, Fig.
2.18d (Multimedia view) shows acute differences in the intensity and the distribution of the
instantaneous acoustic sources and sinks between the top and bottom cavities in both instants.
This major differences is due to the non similarity in the magnitude and direction of the acoustic
particle velocity distribution over the bottom cavity, L/D1 = 1.67, compared to the top cavity,
L/D2 = 1, for both instants shown in Fig. 2.15g (Multimedia view) and 2.15h (Multimedia
view).
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FIG. 15. Instantaneous acoustic power for (a) single L/D1 = 1 (Multimedia view), (b) single L/D1 = 1.67 (Multimedia view), (c) double
symmetric cavity (Multimedia view), and (d) double asymmetric cavity (Multimedia view).Figure 2.18: Instantaneous acoustic power for (a) single L/D1 = 1 (Multimedia view), (b) single
L/D1 = 1.67 (Multimedia view), (c) double symmetric cavity (Multimedia view), and (d) double
asymmetric cavity (Multimedia view).





FIG. 16. Averaged acoustic power over a cycle for (a) single L/D1
= 1.67, (b) Double sym., and (c) Double asym.
sources and sinks are neither aligned nor have the same in-
tensity which affected the generated acoustic pressure for that
case making it almost equal to the cases of single cavities.
Finally, To quantify the net acoustic energy transfer from
the flow field to the acoustic field, the averaged acoustic power
is integrated over vertical lines from the top wall to the bottom
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FIG. 17. The distribution of the normalized acoustic power produc-
tion over the cavity mouth for the three different cavities
spatial distribution of the net acoustic power over the cavity
mouth for all studied configurations. The figure shows a be-
havior that is similar to the measured acoustic pressure shown
in Fig. 8a. It is clear that the trapped acoustic mode that
enforced staggered distribution of the vorticity field and the in-
stantaneous acoustic sources and sinks leads to a higher values
of net generated acoustic power compared to the other cases.
Moreover, for the case of double asymmetric cavities, although
that configurations encounter two cavities but the different as-
pect ratios affected the acoustic particle velocity magnitude
and directions as well as the vorticity field and ended up with
a net generated acoustic energy in the same range of the single
cavity configurations.
VI. CONCLUSION
In this work, the mechanism of acoustic resonance excita-
tion by the flow over rectangular cavity configurations was ex-
perimentally and numerically investigated. Rectangular cavi-
ties of aspect ratiosL/D = 1.00 andL/D = 1.67 were installed
either on one side or two opposite sides of a rectangular wind
tunnel. Four configurations were considered, with single cavi-
ties, double symmetric cavities, and double asymmetric cavi-
ties. In all cases, the cavity length L and the distance between
the two cavities were kept constant at 127 mm and 254 mm,
respectively. In all cases, the separating flow over the shear
layers resulted in self-excitation of acoustic resonance at the
first acoustic cross-mode frequency at frequency coincidence
with the first three shear layer modes The aspect ratio had an
effect on the frequency of the acoustic resonance as well as the
reduced flow velocity required for maximum resonance ampli-
tude. Symmetry on the other hand greatly enhanced the mecha-
nism of energy transfer leading to optimal conditions for acous-
tic resonance excitation. Notably, the configuration of two
opposite cavities with the same aspect ratio resulted in a sig-
nificantly higher acoustic resonance amplitude at all resonant
conditions. In order to investigate the dynamic acoustic and
flow characteristics that lead to this behavior, two-dimensional
Figure 2.19: Averaged acoustic power over a cycle for (a) single L/D1 = 1.67, (b) Double sym.,
and (c) Double asym.





FIG. 16. Averaged acoustic power over a cycle for (a) single L/D1
= 1.67, (b) Double sym., and (c) Double asym.
sources and sinks are neither aligned nor have the same in-
tensity which affected the generated acoustic pressure for that
case making it almost equal to the cases of single cavities.
Finally, To quantify the net acoustic energy transfer from
the flow field to the acoustic field, the averaged acoustic power
is integrated over vertical lines from the top wall to the bottom
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FIG. 17. The distribution of the normalized acoustic power produc-
tion over the cavity mouth for the three different cavities
spatial distribution of the net acoustic power over the cavity
mouth for all studied configurations. The figure shows a be-
havior that is similar to the measured acoustic pressure shown
in Fig. 8a. It is clear that the trapped acoustic mode that
enforced staggered distribution of the vorticity field and the in-
stantaneous acoustic sources and sinks leads to a higher values
of net generated acoustic power compared to the other cases.
Moreover, for the case of double asymmetric cavities, although
that configurations encounter two cavities but the different as-
pect ratios affected the acoustic particle velocity magnitude
and directions as well as the vorticity field and ended up with
a net generated acoustic energy in the same range of the single
cavity configurations.
VI. CONCLUSION
In this work, the mechanism of acoustic resonance excita-
tion by the flow over rectangular cavity configurations was ex-
perimentally and numerically investigated. Rectangular cavi-
ties of aspect ratiosL/D = 1.00 andL/D = 1.67 were installed
either on one side or two opposite sides of a rectangular wind
tunnel. Four configurations were considered, with single cavi-
ties, double symmetric cavities, and double asymmetric cavi-
ties. In all cases, the cavity length L and the distance between
the two cavities were kept constant at 127 mm and 254 mm,
respectively. In all cases, the separating flow over the shear
layers resulted in self-excitation of acoustic resonance at the
first acoustic cross-mode frequency at frequency coincidence
with the first three shear layer modes The aspect ratio had an
effect on the frequency of the acoustic resonance as well as the
reduced flow velocity required for maximum resonance ampli-
tude. Symmetry on the other hand greatly enhanced the mecha-
nism of energy transfer leading to optimal conditions for acous-
tic resonance excitation. Notably, the configuration of two
opposite cavities with the same aspect ratio resulted in a sig-
nificantly higher acoustic resonance amplitude at all resonant
conditions. In order to investigate the dynamic acoustic and
flow characteristics that lead to this behavior, two-dimensional
Figure 2.20: The distribution of the n rmaliz d acoustic power production ver the cavity mouth
for the three different cavities
To determine the locations of the averaged acoustic sources and sinks over the cavity mouth,
the calculated instantaneous acoustic p wer is veraged over one cycle for all the studied cases.
Figure 2.9b shows the distribution of the sources and sinks over the cavity mouth for a single
cavity with aspect ratio L/D1 = 1. The acoustic sound is generated from multiple locations over
the cavity mouth not only at the point of impingement. For the single cavity of aspect ratio L/D1
= 1.67, Fig. 2.19a indicates a similar distribution of acoustic sources and sinks.
Figure 2.18c (Mul media view) s ows the staggered alignment of the instantaneous acoustic
sources and sinks for the case of the double symmetric cavities. This pattern allowed for a perfect
alignment of the averaged acoustic sources and sinks between the top and bottom cavities as
shown in Fig. 2.19b. This perfect alignment allowed for higher values of the generated acoustic
pressure. In contrast, for the case of the double asymmetric cavities, it is clear from Fig. 2.19c
that when the two cavities have different aspect ratio, the topology of the averaged acoustic
power is heavily impacted. The acousti sources and sinks are neither aligned nor have the same
intensity which affected the generated acoustic pressure for that case making it almost equal to
the cases of single cavities.
Finally, To quantify the net acoustic en rgy transfer from the flow field to the acoustic
field, the averaged acoustic power is integrated over vertical lines from the top wall to the
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bottom wall over the entire length of the cavity. Figure 2.20 shows the spatial distribution of
the net acoustic power over the cavity mouth for all studied configurations. The figure shows
a behavior that is similar to the measured acoustic pressure shown in Fig. 2.11a. It is clear
that the trapped acoustic mode that enforced staggered distribution of the vorticity field and the
instantaneous acoustic sources and sinks leads to a higher values of net generated acoustic power
compared to the other cases. Moreover, for the case of double asymmetric cavities, although
that configurations encounter two cavities but the different aspect ratios affected the acoustic
particle velocity magnitude and directions as well as the vorticity field and ended up with a net
generated acoustic energy in the same range of the single cavity configurations.
2.6 conclusion
In this work, the mechanism of acoustic resonance excitation by the flow over rectangular cavity
configurations was experimentally and numerically investigated. Rectangular cavities of aspect
ratios L/D = 1.00 and L/D = 1.67 were installed either on one side or two opposite sides of
a rectangular wind tunnel. Four configurations were considered, with single cavities, double
symmetric cavities, and double asymmetric cavities. In all cases, the cavity length L and the
distance between the two cavities were kept constant at 127 mm and 254 mm, respectively. In all
cases, the separating flow over the shear layers resulted in self-excitation of acoustic resonance at
the first acoustic cross-mode frequency at frequency coincidence with the first three shear layer
modes The aspect ratio had an effect on the frequency of the acoustic resonance as well as the
reduced flow velocity required for maximum resonance amplitude. Symmetry on the other hand
greatly enhanced the mechanism of energy transfer leading to optimal conditions for acoustic
resonance excitation. Notably, the configuration of two opposite cavities with the same aspect
ratio resulted in a significantly higher acoustic resonance amplitude at all resonant conditions.
In order to investigate the dynamic acoustic and flow characteristics that lead to this behavior,
two-dimensional Unsteady Reynolds-Averaged Navier-Stokes (URANS) simulation was carried
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out for the four cases. The Reynolds Stress model was used to accurately simulate turbulent flow,
and a fluid compressibility was resolved to model the coupled acoustic and flow phenomena
and capture the self-excitation of the acoustic resonance. Results showed that the symmetry of
the double cavity configuration plays an important role in determining the synchronization of
the process of vortex separation and impingement at the two opposite shear layers. Moreover,
the symmetry ensures that the vortices are shed and impinge exactly at the trailing edge, and
are conveyed at the same velocity to ensure optimal transfer of energy to sustain the acoustic
mode. To identify the spatial characteristics of energy transfer, the strength of the acoustic
sources and sinks was calculated using the Howe’s aeroacoustic analogy, using the numerical
and experimental results. The results showed that the acoustic energy is transferred from the
shear layer region through a distinct pattern of sources and sinks over the cavity mouth, with the
strongest energy exchange occurring close to the impingement point. As a result of the complete
synchronization of the flow and acoustic dynamics over the acoustic cycle, the symmetry of
the double cavity configuration drives a higher rate of acoustic energy transfer over a larger
region over the cavities. On the other hand, opposite cavities of different aspect ratios contribute
unevenly to the acoustic energy transfer. The net energy transfer in the double asymmetric cavity
case was of a similar rate to the single cavity cases, explaining the lower acoustic amplitude at
the peak of acoustic resonance excitation.
Chapter 3
Flow dynamics and azimuthal behavior of
the self-excited acoustic modes in
axisymmetric shallow cavities
Complete Citation:
M. Abdelmwgoud, M. Shaaban, and A. Mohany, ‘Flow dynamics and azimuthal behavior of
the self-excited acoustic modes in axisymmetric shallow cavities’, Physics of Fluids, 32(11):
p.115109, 2020; https://doi.org/10.1063/5.0026552
Copyright:
Reproduced from the published article, with the permission of AIP Publishing
53
F L O W O V E R C O A X I A L C AV I T Y 54
Abstract
Self excitation of acoustic resonance in axisymmetric cavities can lead to a complex flow-
acoustic coupling which may result in severe noise generation. In this work, Large Eddy
Simulation is performed to model the different flow-sound coupling mechanisms during the self-
excitation of various excitable acoustic modes in an axisymmetric shallow cavity configuration
with an aspect ratio L/d = 1 over the lock-in region. The compressible Navier-Stokes equations
are solved at a resolution sufficient to capture the flow and the acoustic dynamics. The excitation
of three acoustic modes of different aerodynamic characteristics over the range of the tested flow
velocities was observed. These modes are a stationary diametral mode, a spinning diametral
mode, and a longitudinal mode. The initiation and separation of vortices over the cavity mouth
accompanying the self-excitation of each mode involve different dynamics. If two antisymmetric
series of vortical crescents separate successively at the leading edge, a stationary acoustic mode
is excited. The formation of a continuously rotating helical vortex connecting the leading edge
and the trailing edge leads to the excitation of the diametral spinning mode. The excitation
of the longitudinal mode is associated with symmetric rings of vortices. Complex patterns
of flow velocities and Reynolds stresses in the circumferential direction are observed for the
diametral modes but not for the longitudinal mode. In all cases, the excitation of acoustic
resonance requires a synchronization of the vortex separation and impingement processes, which
is necessary for efficient feedback to sustain the flow-sound coupling mechanism.
3.1 Introduction
The excitation of acoustic resonance by internal flow is a design concern in many engineering
applications. Under certain conditions, periodic flow instabilities can couple with the natural
acoustic modes of the flow-conveying duct, leading to incidents of acoustic resonance excitation.
The resulting strong acoustic oscillations have been reported in heat exchangers and boilers [107–
109], cylinders [75, 76, 87, 106], pipes [50, 70, 110], side branches [111, 112], combustion
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chambers [12, 113], gate valves [114], and turbomachines [115, 116]. The excited acoustic
resonance starts abruptly and is often associated with acute noise, intense vibration, and can
lead to fatigue and damage of equipment [1]. Recent experimental evidence showed that flow
periodicities are capable of exciting the diametral acoustic modes in coaxial configurations,
such as annular combustors [113, 117], propulsion engines [118], piping systems [25, 37].
In these cases, the interaction of the flow and acoustic fields occurs in the stream-wise and
transverse directions, leading to an intricate pattern of flow and acoustic phenomena. Although
the mechanism that leads to excitation of acoustic resonance is relatively well understood for
the case of rectangular cavities, the effect of the circular symmetry of the coaxial configuration
on the flow-acoustic coupling is not yet fully understood. Under normal conditions, the flow
separation over cavities results in negligible production of acoustic power due to the periodic
flapping of the shear layer over the mouth of the cavity [71]. At certain conditions, however,
extreme acoustic oscillations can be excited due to a fluid-resonant mechanism [119]. Rossiter
[31] reported that vortices separating at the leading edge of cavities are convicted downstream
to impinge on the trailing edge, releasing pressure oscillations with a frequency that depends on
the flow velocity and the cavity length. If the frequency of the pressure oscillations coincides
with the frequency of an acoustic mode of the duct, the flow and the acoustic field can become
coupled, organizing and strengthening the separation and impingement, leading to the excitation
of severe acoustic resonance [20, 120]. This feedback results in the coupling of the acoustic
mode with the periodic separation and impingement of vortices, leading to a lock-in of their
frequencies and a significant increase in the acoustic pressure. Most of the available literature
report investigations of the acoustic response of rectangular cavities, leading to the excitation
of either transverse [77, 121] or longitudinal modes [79, 122], using experimental [59] and
numerical [123] techniques. On the other hand, the excitation of the acoustic diametrical modes
of axisymmetric cavities has only been under investigation recently. Analytic evidence of the
existence of excitable diametral modes in infinite cylindrical waveguides was first provided by
Evans et al. [124]. The susceptibility of acoustic modes to excitation by flow instability depends
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on the geometry of flow boundaries, as well as the orientation of the acoustic mode with respect
to the flow perturbation.
An axisymmetric cavity is formed by the symmetric rotation of a two-dimensional cavity
configuration around the stream-wise symmetry axis. In the absence of mean flow, Hein et al.
[32] numerically showed that the axisymmetric geometry could create perfectly acoustic trapped
modes that have antisymmetric pressure oscillations and no preferred azimuthal orientation. In
such a case, the excited acoustic modes have a frequency that is lower than the cut-off frequency
of the duct. Keller and Escudier [33] experimentally investigated the excitation of the diametral
modes of an annular cavity connected to a pipe through a thin annular opening. Although the
observed acoustic mode was stationary, its azimuthal orientation changed as each experimental
configuration was assembled, suggesting that it takes a preferred position due to deviations from
a perfect axisymmetric configuration. Awny and Ziada [34] experimentally investigated the flow-
excited resonances of the acoustic diametral modes of a cylindrical pipe housing an axisymmetric
shallow cavity, observing intense acoustic pressure levels reaching up to 170 dB associated with
lock-in over a wide range of flow velocities. In a series of experimental investigations, Aly and
Ziada [25, 28, 35, 36] provided a description of the aeroacoustic characteristics of axisymmetric
shallow cavities, providing extensive details of the effect of the cavity geometry on the acoustic
resonance level and acoustic pressure patterns. Results indicated that diametrical acoustic modes,
with their acoustic pressure nodes at the axis and pressure antinodes at the circumference of the
cavity floor, can be excited by flow in the duct. Because these modes have no preferred location
for the pressure antinode along the outer circumference, they can spin around the duct stream-
wise symmetry axis. As a result, the excited modes are stationary at low flow velocities, but they
switch to spinning mode pattern at higher velocities. Notably, small geometrical deviations from
axisymmetry and localized damping effects introduce an orientation preference that results in
partially spinning behavior. The acoustic characteristics of the first excited acoustic mode are
significantly influenced by the mean flow velocity. Their results also showed that the acoustic
pressure at resonance increases as the cavity becomes shorter or deeper relative to the main
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pipe diameter. Moreover, the cavity length to depth ratio controls the amplitudes of the various
excited diametral and longitudinal modes. However, this set of investigations did not include
any aspects of the flow field nor the influence of diametral or longitudinal mode excitation on
the structure of the separated shear layer on the cavity mouth and did not provide details of the
flow dynamics that take place as modes of different azimuthal behavior are excited. Oshkai and
Barannyk [39] experimentally measured the acoustic pressure at different azimuthal locations
on the wall of an axisymmetric cavity, confirming that the geometry of the leading and trailing
edges of the cavity have an effect on the acoustic pressure amplitude. They also indicated that
spinning modes are excited after a threshold of Mach number is exceeded, whereas stationary
or partially spinning modes can be observed at lower flow velocities. Thirumoorthy et al. [40]
experimentally investigated the excitation of the acoustic diametral modes using a pressure
transducer, showing that the stream-wise shape of the cavity has a significant effect on the
resonance pressure amplitude.
Compared with the significant efforts carried out to identify the acoustic characteristics of the
diametral mode excitation in axisymmetric cavities, very limited reports of the dynamics of the
flow field during resonance excitation are available in the literature. Oshkai and Barannyk [42]
used particle image velocimetry to visualize the instantaneous vorticity field of the first shear
layer mode during excitation of the diametral acoustic modes. Ziada et al. [38] investigated
the excitation of diametral modes within a rectangular cavity attached to a circular pipe. Due
to the preferential azimuthal orientation of the square cavity, complex stationary and spinning
mode patterns were observed. The interaction of two orthogonal modes was shown to generate
spinning behavior that is associated with a helical vortex structure between the cavity leading
and trailing edge. More recently, Wang and Liu [43] carried out a three-dimensional zonal large
eddy simulation of the flow dynamics of an axisymmetric cavity at conditions that give rise
to the maximum resonance intensity. The numerical model was able to capture the acoustic
frequencies and the spinning helical structure of the first three diametral acoustic modes. Results
showed that the flow field, when coupled with the spinning modes at their maximum intensity,
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posses a complex 3D vortex structure. Wang and Liu [44] suggested that two separate vortex
shedding modes are responsible for the spinning motion. However, Wang and Liu [43, 44]
only studied pure spinning modes at a single cavity configuration and did not present aspects of
the flow dynamics during excitation of longitudinal or diametral modes of different azimuthal
behavior. On the other hand, Shaaban and Ziada [125] carried out particle image velocimetry
measurements on a rectangular cavity in a pipe during excitation of the pipe longitudinal modes,
showing that the strong acoustic oscillations synchronize and strengthen vortex shedding at the
leading edge, creating a sound source over the cavity mouth. Results showed a pronounced
effect of the strong acoustic oscillations on the flow dynamics. Yet, Shaaban and Ziada [125]
did not consider a circular cavity configuration, and did not observe the excitation of diametral
modes. As a result, the nature of the coupling associated with the excitation of modes that have
different azimuthal behavior in an axisymmetric cavity has not been clarified.
From the foregoing discussion, it becomes clear that the effect of flow-acoustic coupling on
the flow dynamics of axisymmetric cavities is not yet well understood. The different azimuthal
behavior of the excited diametral and longitudinal acoustic modes at different flow velocities
is bound to have a significant effect on the flow dynamics at the cavity mouth, which had not
been previously identified. Moreover, the modal characteristics of the acoustic pressure and the
flow fluctuations over the cavity need to be investigated. In addition, investigating the behavior
of the coupled acoustic-flow fields over the lock-in region can help identify the critical changes
in the flow separation and impingement over an acoustic cycle and its role in initiating specific
acoustic modes as well as determining their azimuthal behavior. Understanding the details of
this mechanism is particularly critical to enable finding ways to mitigate resonance excitation
and control its potentially destructive oscillations. Therefore, this work presents a numerical
study of the flow dynamics and the azimuthal behavior of the flow-excited acoustic modes of
axisymmetric cavities using large eddy simulation. The coupled flow-acoustic field is directly
simulated for a range of flow velocities that result in the self-excitation of stationary, spinning,
and longitudinal acoustic modes by the flow over an axisymmetric cavity of length to depth ratio
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which had not been previously identified. Moreover, the modal
characteristics of the acoustic pressure and the flow fluctua-
tions over the cavity need to be investigated. In addition, inves-
tigating the behavior of the coupled acoustic-flow fields over
the lock-in region can help identify the critical changes in the
flow separation and impingement over an acoustic cycle and
its role in initiating specific acoustic modes as well as deter-
mining their azimuthal behavior. Understanding the details of
this mechanism is particularly critical to enable finding ways
to mitigate resonance excitation and control its potentially de-
structive oscillations. Therefore, this work presents a numer-
ical study of the flow dynamics and the azimuthal behavior
of the flow-excited acoustic modes of axisymmetric cavities
using large eddy simulation. The coupled flow-acoustic field
is directly simulated for a range of flow velocities that result
in the self-excitation of stationary, spinning, and longitudinal
acoustic modes by the flow over an axisymmetric cavity of
length to depth ratio of 1.0. The aeroacoustic response of the
axisymmetric cavity, including the phase characteristics of the
acoustic pressure at the cavity walls, is numerically identified.
Results of the acoustic pressure and flow characteristics devel-
opment at different flow velocities are used to elucidate the
effect of the azimuthal behavior of the excited mode on the
flow dynamics to help identify efficient control strategies.
II. METHODOLOGY
In this study, the coupling between the air flow and acoustic
fields over an axisymmetric cavity is studied by means of three
dimensional Large Eddy Simulations (LES). A schematic of
the computational domain and the used mesh are shown in
figure 1. The domain of interest consists of a cylindrical cavity
of an outer diameter D = 200 mm, a length L = 25 mm, and
a depth d = 25 mm, forming a cavity with aspect ratio L/d
= 1. The cavity is axisymmetrically attached to a pipe of a
diameter Dp = 150 mm. The pipe extends 3 diameters in the
upstream and downstream directions in order to enable flow
development and prevent any significant effect of the inlet and
exit boundary conditions on the cavity region and reduce the
effect of acoustic radiation from the test section ends45. These
dimensions were based upon the experimental investigation of
Aly and Ziada36 to provide a base for validation of the results.
A fully-coupled transient solver for compressible turbulent
flows was deployed on the open source OpenFOAM compu-
tational fluid dynamics library to solve the transient three di-
mensional Navier-Stokes equations in order to obtain the flow
dynamics and the aeroacoustic response. The PIMPLE algo-
rithm which is a combination of the PISO and the SIMPLE al-
gorithms was used to resolve the pressure-velocity coupling by
solving the governing equations of continuity, momentum, and
energy balance for Newtonian fluids46. The thermophyiscal
properties of air including molecular viscosity, Prandtl number,
and specific heat at constant volume are used at their values at
20 ◦C. The density and internal energy are modelled according
to the ideal gas equation of state. The Smagorinsky model was
used to model the turbulence in the subgrid scale by solving
the subgrid scale kinetic energy ksgs equation, as it provides
FIG. 1. Flow domain, mesh details and pressure monitors location.
accurate predictions in axisymetric flows as shown by Lee and
Cant47. The large eddy stress tensor is associated with the
subgrid scale stress tensor through the subgrid scale viscosity




ksgsδi j−2νsgs(D∗)i j (1)
where, τi j is the subgrid scale stress tensor, νsgs is the subgrid
scale viscosity, and ksgs is the subgrid scale kinetic energy. The
asterisk denotes the deviatoric components of the large-scale
strain rate tensor.













Ck is a model constant, with a value of 0.094. The subgrid
scale kinetic energy production, dissipation and diffusion are
accounted by solving a transport equation as theoretically de-
rived by Yoshizawa and Horiuti48. The grid size ∆ that defines
Figure 3.1: Flow domain, mesh details and pressure monitors location.
of 1.0. The aeroacoustic response of the metric cavity, including th phase characteristics
of the acoustic pressure at the cavity walls, is numerically identified. Results of the acoustic
pressure and flow characteristics development at different flow velocities are used to elucidate
the effect of the azimuthal behavior of the excited mode on the flow dynamics to help identify
efficient control strategies.
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3.2 Methodology
In this study, the coupling between the air flow and acoustic fields over an axisymmetric cavity
is studied by means of three dimensional Large Eddy Simulations (LES). A schematic of the
computational domain and the used mesh are shown in figure 3.1. The domain of interest consists
of a cylindrical cavity of an outer diameter D = 200 mm, a length L = 25 mm, and a depth d
= 25 mm, forming a cavity with aspect ratio L/d = 1. The cavity is axisymmetrically attached
to a pipe of a diameter Dp = 150 mm. The pipe extends 3 diameters (3D) in the upstream and
downstream directions in order to enable flow development and prevent any significant effect
of the inlet and exit boundary conditions on the cavity region and reduce the effect of acoustic
radiation from the test section ends [126]. These dimensions were based upon the experimental
investigation of Aly and Ziada [28] to provide a base for validation of the results.
A fully-coupled transient solver for compressible turbulent flows was deployed on the open
source OpenFOAM computational fluid dynamics library to solve the transient three dimensional
Navier-Stokes equations in order to obtain the flow dynamics and the aeroacoustic response.
The PIMPLE algorithm which is a combination of the PISO and the SIMPLE algorithms was
used to resolve the pressure-velocity coupling by solving the governing equations of continuity,
momentum, and energy balance for Newtonian fluids [127]. The thermophyiscal properties of
air including molecular viscosity, Prandtl number, and specific heat at constant volume are used
at their values at 20 ◦C. The density and internal energy are modelled according to the ideal gas
equation of state. The Smagorinsky model was used to model the turbulence in the subgrid scale
by solving the subgrid scale kinetic energy ksgs equation, as it provides accurate predictions in
axisymetric flows as shown by Lee and Cant [128]. The large eddy stress tensor is associated




ksgsδi j−2νsgs(D∗)i j (3.1)
where, τi j is the subgrid scale stress tensor, νsgs is the subgrid scale viscosity, and ksgs is the
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subgrid scale kinetic energy. The asterisk denotes the deviatoric components of the large-scale












Ck is a model constant, with a value of 0.094. The subgrid scale kinetic energy production,
dissipation and diffusion are accounted by solving a transport equation as theoretically derived
by Yoshizawa and Horiuti [129]. The grid size ∆ that defines the subgrid length scale is calculated
using a Van Driest damping function in the near-wall region. The spectral characteristics of the
flow velocity shows a good agreement with the predicted turbulence energy cascade over the
frequency range of interest. The second order implicit backward Euler scheme was used for
temporal discretization. A Gauss linear-Upwind scheme is used for the spatial discretization
of the convective terms in the momentum equation, and a Gauss linear gradient differentiation
scheme is used for the diffusive terms. All the implemented schemes had second order accuracy
to enable self-initiation and fine resolution of the transient and periodic flow structures [130].
The simulation is performed at nine inlet flow velocities between U∞ = 50 m/s to 75 m/s,
corresponding to a Reynolds number range between 8.2x104 and 1.2x105 based on the cavity
length L. Over this range, previous experiments by Aly and Ziada [36] suggested a change in
the azimuthal behavior of the excited acoustic mode. As will be discussed in details hereafter,
the flow velocity determines whether the excited mode is stationary or spinning, which enables
the investigation of the differences to the mechanism of excitation.
The flow domain, shown in figure 3.1, is meshed into a hexahedron structured grid with
8×105 elements in the inlet and outlet pipes, and 1.5×106 nodes in the cavity section. The
element size is set to insure a convective Courant number of less than 0.8 and an acoustic Courant
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the subgrid length scale is calculated using a Van Driest damp-
ing function in the near-wall region. The spectral character-
istics of the flow velocity shows a good agreement with the
predicted turbulence energy cascade over the frequency range
of interest. The second order implicit backward Euler scheme
was used for temporal discretization. A Gauss linear-Upwind
scheme is used for the spatial discretization of the convective
terms in the momentum equation, and a Gauss linear gradi-
ent differentiation scheme is used for the diffusive terms. All
the implemented schemes had second order accuracy to enable
self-initiation and fine resolution of the transient and periodic
flow structures49.
The simulation is performed at nine inlet flow velocities be-
tween U∞ = 50 m/s to 75 m/s, corresponding to a Reynolds
number range between 8.2x104 and 1.2x105 based on the cav-
ity length L. Over this range, previous experiments by37 sug-
gested a change in the azimuthal behavior of the excited acous-
tic mode. As will be discussed in details hereafter, the flow
velocity determines whether the excited mode is stationary or
spinning, which enables the investigation of the differences to
the mechanism of excitation.
The flow domain, shown in figure 1, is meshed into a hex-
ahedron structured grid with nodes elements in the inlet and
outlet pipes, and 1.5x106 nodes in the cavity section. The ele-
ment size is set to insure a convective Courant number of less
than 0.8 and an acoustic Courant number of less than 4.0 all
over the flow domain. The inlet boundary condition is set as a
velocity inlet with uniform velocity U∞. A non-reflective out-
let boundary is specified to ensure no pressure gradient normal
to the wall, while preventing any back flow. The pressure on
the inlet and outlet boundaries follows a non-reflecting wave-
transmissive condition. A wall function is used to model the
flow in the near-wall region according to the logarithmic wall
of the wall with a stepwise implementation50. The value of y+
at the leading and trailing edge ranges from 28 to 37, allowing
for accurate application of the the wall function51. Pressure
monitor points p1 to p4 are located on the wall of the cav-
ity to capture the amplitude and phase characteristics of the
excited resonance in a form comparable to available experi-
mental studies. The angle θ , used to describe the acoustic
mode and flow field in the following discussion, is defined
counterclock wise with the location of pressure monitor p1 as
a reference as shown in figure 1.
A sensitivity analysis was carried out to ensure no depen-
dency on the time step or the mesh node count. The data in
figure 2 shows the acoustic pressure and dominant frequency
on the cavity wall at an inlet flow velocity of U∞ = 64 m/s for
different meshes and time steps. The tested meshes were cre-
ated by splitting elements in the dense cavity zone. The time
step and the number of elements did not show any significant
effect on the frequency of the oscillations, as the instability can
be predicted using a lower temporal and spatial resolution than
necessary to resolve the flow-acoustic coupling52. Resolving
a time step beyond 6×10−6 s results in a decrease in the pre-
dicted acoustic pressure amplitude. At a time step of 8×10−6 s,
the instability is still captured as a dominant frequency, but the
amplitude drops down near background noise levels, signalling
that the acoustic Courant number is larger than necessary to
(a)Time step Prms Spinning Frequncy pressure u freq v w freq
600000 283 2380
2.30E+06 5295.481 yes 2699 2323 2699
5.10E+06 5301.2 yes 2694 2320 2694




















Number of nodes ×106
(b)
Time step Prms Spinning Frequncy pressure u freq v w freq
1.00E-06 1.00E+04 5412 yes 2701 2318 2693
5.00E-06 5.00E+04 5295.481 yes 2699 2323 2699
6.00E-06 6.00E+04 5000 yes 2694 2320 2694
7.00E-06 7.00E+04 1061.187 no 2689 2331 2707
8.00E-06 8.00E+04 184.4741 no 2685 2312 2685























FIG. 2. Effect of (a) the number of mesh nodes and (b) the time step
on the predicted acoustic pressure amplitude and dominant frequency
at an inlet flow velocity of U∞ = 64 m/s.
resolve the flow-acoustic coupling and predict self-excitation
of resonance. The details of the flow dynamics that lead to














FIG. 3. Computational model prediction of the normalized aeroacous-
tic pressure over the lock-in range compared with the observations of
Aly and Ziada36. Reproduced with permission from K. Aly and S.
Ziada, “Flow-excited resonance of trapped modes of ducted shallow
cavities,” J. Fluids Struct. 26(1), 92–120 (2010). Copyright 2010
Elsevier.
Figure 3 shows the normalized predicted acoustic pressure
Figure 3.2: Effect of (a) the number of mesh nodes and (b) the time step on the predicted acoustic
pressure amplitude nd dominant frequency at an inlet flow velocity of U∞ = 64 m/s.
number of less than 4.0 all over the flow domain. The inlet boundary condition is set as a velocity
inlet with uniform vel city U∞. An outflow boundary is specified at the outlet. The pressure on
the inlet and outlet boundaries is modelled using a non-reflecting wave-transmissive condition.
A wall function is used to model the flow in the near-wall region according to the logarithmic
law of the wall with a stepwise implementation [131]. The value of y+ at the leading and trailing
edges ranges from 28 to 37, allowing for accurate application of the the wall function [132].
Pressure monitor points are located on the wall of the cavity to capture the amplitude and phase
characteristics of the excited resonance in a form comparable to available experimental studies.
The azimuth angle θ is counter clockwise with the location of pressure monitor p1 as a reference
following a right hand rule with the coordinate system, as shown in figure 3.1.














Figure 3.3: Computational model prediction of the normalized aeroacoustic pressure over
the lock-in range compared with the observations of Aly and Ziada [28]. Reproduced with
permission from K. Aly and S. Ziada, “Flow-excited resonance of trapped modes of ducted
shallow cavities,” J. Fluids Struct. 26(1), 92–120 (2010). Copyright 2010 Elsevier.
A sensitivity analysis was carried out to ensure that the results have no dependency on
the time step or the mesh node count. The data in figure 3.2 shows the acoustic pressure and
dominant frequency on the cavity wall at an inlet flow velocity of U∞ = 64 m/s for different
meshes and time steps. The tested meshes were created by splitting elements in the dense cavity
zone. The time step and the number of elements did not show any significant effect on the
frequency of the oscillations, as the instability can be predicted using a lower temporal and
spatial resolution than necessary to resolve the flow-acoustic coupling [133]. Using a time step
higher than 6×10−6 s results in a decrease in the predicted acoustic pressure amplitude. At a
time step of 8×10−6 s, the instability is still captured as a dominant frequency, but the amplitude
drops down near background noise levels, signalling that the acoustic Courant number is larger
than necessary to resolve the flow-acoustic coupling and predict self-excitation of resonance.



















Figure 3.4: Comparison of the average radial boundary layer profile at the cavity leading edge
over a cycle of vortex shedding in comparison with experimental hot wire measurements of
Aly and Ziada [28]. Reproduced with permission from K. Aly and S. Ziada, “Flow-excited
resonance of trapped modes of ducted shallow cavities,” J. Fluids Struct. 26(1), 92–120 (2010).
Copyright 2010 Elsevier.
Figure 3.3 shows the normalized predicted acoustic pressure as defined in equation 3.4 using





Figure 3.3 shows a good agreement between the predicted aeroacoustic response and that
observed experimentally by Aly and Ziada [28] for a cavity with the same dimensions. The peak
normalized pressure is captured at the same upstream flow velocity of U∞ = 64 m/s. A further
increase in flow velocity results in a decrease in the normalized acoustic pressure. In addition,
figure 3.4 shows the flow velocity profile temporally averaged at a flow velocity of 31 m/s at the
upstream edge of the cavity, compared with the hotwire results of Aly and Ziada [28] at the same
location, flow velocity, and cavity dimensions. The velocity profile confirms that the flow is fully
developed prior to separation. A clear agreement between the current model predictions and
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the experimental results asserts the accuracy of the simulation in capturing details of the flow
separation. The boundary profile and momentum thickness at the leading edge, which are vital
parameters that determine the flow dynamics over the cavity mouth, are accurately predicted.
3.3 Aeroacoustic response of an axisymmetric cavity
In this section, the results of the Large Eddy Simulation of the coupled flow-sound fields over
a range of flow velocities are discussed to illustrate the flow dynamics that lead to different
acoustic pressure and azimuthal characteristics of the excited acoustic modes. Figure 3.5 shows






where fa is the acoustic mode frequency, and L is the characteristic length, set as the cavity
length between the leading and trailing edges. The computational model is able to predict
a typical lock-in behaviour, similar to that observed in experimental studies of axisymmetric
cavities [25]. An increase in the reduced velocity from Ur = 0.8 to 0.93 triggered a clear increase
in the normalized pressure P∗ from 1.3 to 2.2. A further increase beyond Ur = 0.93 resulted in
a drop of P∗ to its previous levels. A further increase of the reduced velocity up to Ur = 1.28
results in a gradual increase in the value of P∗ to 1.8. Such behaviour indicates that an excitation
source is present and is related to the second shear layer mode which occurs at a Strouhal number








where fν is the nth shear layer mode frequency. κ and α are empirical constants that correspond
to the average convection speed of the vortices in the shear layer and a phase delay, respectively.
For turbulent flows, the value of 1/κ is typically 1.75 and α is typically equal to 0.25 [31].













Figure 3.5: The effect of the reduced velocity on the normalized pressure and the azimuthal
behaviour of the excited mode for an axisymmetric cavity of a length to depth ratio of L/d = 1.
Figure 3.5 shows that the increase in flow velocity leads to the excitation of acoustic modes
of three different azimuthal mode behaviours. The three modes are distinguishable by the pattern
of the acoustic pressure in the cavity cross section as well as whether the pattern spins around
the cavity axis, as will be discussed in the following sections. Notably, the three excited modes
are all variant across the cavity cross section only so that the acoustic pressure distribution
is uniform over the length of the cavity. Modes of higher orders in the streamwise direction
are expected to have much higher frequencies than modes excited in this study due to the low
cavity length to diameter ratio L/d. At the lowest range of reduced velocities, up to Ur = 0.75, a
stationary diametral mode is observed. Between reduced velocities of Ur = 0.75 and 1.00, the
excited mode spins. Increasing the reduced flow velocity Ur beyond 1.00 results in the excitation
of a longitudinal acoustic mode. The following discussion illustrates the characteristics of each
of the three different modes, and elucidates the coupled flow-acoustic dynamics that lead to the
excitation of each azimuthal behaviour.
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3.4 Azimuthal behaviour of excited acoustic modes
The pressure characteristics of the three different excited acoustic modes can be illustrated
by inspecting the pressure contours at the middle cross-section of the cavity over a complete
acoustic cycle during lock-in, as shown in figure 3.6. At U∞ = 50 m/s, a stationary diametral
mode is observed. The acoustic frequency of this mode is fa = 2728 Hz. The acoustic pressure
at four equally-spaced instants on the acoustic cycle is shown in figure 3.6a(multimedia view),
depicted by the temporal phase angle φ , referred to the start of the acoustic cycle φ = 0. This
mode is characterized by stationary oscillations of the acoustic pressure, that are antisymmetric
over two opposite sides of the cross section of the cavity. Two nodal acoustic pressure planes
extend in the streamwise x direction. The first nodal plane intersects with the cross-section
at a straight line that has an azimuthal angle of θ ≈ 90◦. The second nodal plane intersects
with the cross section at a circle that coincides with the circumference of the pipe wall. On
the two sides of the straight nodal plane, the pressure has a second-order diametral distribution
with two stationary antinodes that are antisymmetric with each other on the two sides of the
circular nodal plane. The two halves of the cross-section are antisymmetric with each other. The
whole distribution is stationary in the azimuthal direction θ such that the nodal planes keep their
positions over the cycle.
As the flow velocity increases to U∞ = 64 m/s, a spinning mode is observed. In this case,
figure 3.6b(multimedia view) shows spatially similar pressure distribution over the cross section.
The frequency of this mode is fa = 2699 Hz. Over the span of the acoustic cycle, however,
a completely different variation of the acoustic pressure distribution takes place. While the
cylindrical nodal plane is stable, the straight nodal plane rotates around the streamwise axis of
the cross section. The two halves of the cross section stay opposite and antisymmetric of each
other, keeping nearly stable values of acoustic pressure over time while rotating one complete
circle over the lock-in frequency acoustic cycle. Two antinodes with the highest and lowest
values of acoustic pressure rotate along the cavity outer wall, antisymmetric with two other
antinodes that have generally lower acoustic pressure values. This spinning behavior occurs in a
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(a)
φ = 0◦ φ = 90◦ φ = 180◦ φ = 270◦
(b)
φ = 0◦ φ = 90◦ φ = 180◦ φ = 270◦
(c)
φ = 0◦ φ = 90◦ φ = 180◦ φ = 270◦
FIG. 6. The instantaneous pressure normalized by the maximum dynamic pressure in the middle cross-section of the cavity at four equally-
spaced instants of the acoustic cycle at three different flow velocities. (a) Stationary acoustic diametral mode, U∞ = 50 m/s, (b) Spinning
acoustic diametral mode, U∞ = 64 m/s, and (c) Longitudinal mode, U∞ = 75 m/s (multimedia view)
IV. AZIMUTHAL BEHAVIOUR OF EXCITED
ACOUSTIC MODES
The pressure characteristics of the three different excited
acoustic modes can be illustrated by inspecting the pressure
contours at the middle cross-section of the cavity over a com-
plete acoustic cycle during lock-in, as shown in figure 6. At
U∞ = 50 m/s, a stationary diametral mode is observed. The
acoustic frequency of this mode is fa = 2728 Hz. The acoustic
pressure at four equally-spaced instants on the acoustic cycle
is shown in figure 6a(multimedia view), depicted by the tem-
poral phase angle φ , referred to the start of the acoustic cycle
φ = 0. This mode is characterized by stationary oscillations of
the acoustic pressure, that are antisymmetric over two oppo-
site sides of the cross section of the cavity. Two nodal acoustic
pressure planes extend in the streamwise x direction. The first
nodal plane intersects with the cross-section at a straight line
that has an azimuthal angle of θ ≈ 90◦. The second nodal
plane intersects with the cross section at a circle that coincides
with the circumference of the pipe wall. On the two sides
of the straight nodal plane, the pressure has a second-order
diametral distribution with two stationary antinodes that are
antisymmetric with each other on the two sides of the circular
nodal plane. The two halves of the cross-section are antisym-
metric with each other. The whole distribution is stationary in
the azimuthal direction θ such that the nodal planes keep their
positions over the cycle.
As the flow velocity increases to U∞ = 64 m/s, a spinning
mode is observed. In this case, figure 6b(multimedia view)
shows spatially similar pressure distribution over the cross sec-
tion. The frequency of this mode is fa = 2699 Hz. Over the
span of the acoustic cycle, however, a completely different vari-
Figure 3.6: The instantaneous pr ssure normalized by the maximum dynamic pressure in the
middle cross-section of the cavity at four equally-spaced instants of the acoustic cycle at three
different flow velocities. (a) Stationary acoustic diametral mode, U∞ = 50 m/s, (b) Spinning
acoustic diametral mode, U∞ = 64 m/s, and (c) Longitudinal mode, U∞ = 75 m/s. (multimedia
view)
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streamwise direction. The direction of spinning is theoretically arbitrary, and therefore the result
obtained in the simulation is subject to the computational conditions.
As the flow velocity increases to U∞ = 75 m/s, a longitudinal mode is excited. This mode has
nodal and antinodal planes in the streamwise x direction, and also has a second-order distribution
in the cross section of the cavity. No straight nodal planes split the cross section. Over the
complete acoustic cycle, the pressure contours in figure 3.6c(multimedia view) shows that the
acoustic pressure over the outer wall of the cavity has a fixed phase, with the same instantaneous
value over the whole circumference. The pressure changes from a maximum to a minimum over
the outer wall in the same time. On the other side of the cylindrical nodal plane, closer to the
center line of the pipe, the pressure is antisymmetric with the pressure on the outer wall, with
generally lower acoustic pressure.
To further investigate the progress of acoustic resonance excitation for the different modes
as the flow velocity changes over the range of lock-in, figure 3.7 shows the temporal and
spatial development of the acoustic pressure on the wall of the cavity at different upstream flow
velocities. The first column shows the development of the acoustic pressure signal detected at
the monitor location p1 for five different flow velocities until the acoustic pressure stabilizes
into a statistically-stable oscillations of a steady amplitude. Notably, the simulated time required
for the case to reach a steady oscillation amplitude decreases significantly as the flow velocity
increases, such as 0.8 s is required at U∞= 50 m/s and only 0.1 s is required at U∞= 75 m/s.
Careful inspection suggests that this value depends on the square of the upstream flow velocity
U2∞, indicating a dependency on the flow kinetic energy, in agreement with experimental evidence
for other acoustic resonance excitation mechanisms [67]. This can reasonably be expected, as
flows can excite and sustain a stronger acoustic resonance in proportion with the available kinetic
energy.
In the middle column of figure 3.7, we take a closer look at the development of the acoustic
pressure on the wall of the cavity over a small number of acoustic cycles at different upstream
flow velocities for steady-state oscillations. In the five figures, the colors of the lines are







FIG. 7. The progress of acoustic pressure over the outer wall of the cavity at different flow velocities. (a) Stationary acoustic diametral mode,
U∞ = 50 m/s, (b) Partially-spinning diametral mode, U∞ = 55 m/s, (c) Spinning diametral mode, U∞ = 64 m/s, (d) Partially-spinning diametral
mode, U∞ = 66 m/s, and (e) Longitudinal mode, U∞ = 75 m/s
Figure 3.7: The progress of acoustic pressure over the outer wall of the cavity at different flow
velocities. (a) Stationary acoustic diametral mode, U∞ = 50 m/s, (b) Partially-spinning diametral
mode, U∞ = 55 m/s, (c) Spinning diametral mode, U∞ = 64 m/s, (d) Partially-spinning diametral
mode, U∞ = 66 m/s, and (e) Longitudinal mode, U∞ = 75 m/s.
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consistent with the location of the four pressure monitors shown in figure 3.1. At U∞ = 50 m/s, a
stationary mode is excited. The acoustic pressure on the outer wall shows a pattern of differences
in phase and amplitude such that peaks and troughs coincide with each other. All microphones
pass through the value of p = 0 at the same instant. As the flow velocity increases to U∞ = 55
m/s, the mode starts to have a spinning component, the acoustic pressure amplitudes at the four
monitors become closer to each other, and start to have their peaks at different instants of the
cycle. A further increase in acoustic pressure values is observed at U∞ = 64 m/s, where the peak
acoustic pressure is observed. A further increase in flow velocity to U∞ = 66 m/s results in a
drop in the amplitudes of acoustic pressure, a variation in the amplitudes, and a change in the
phase differences between the peaks as the mode starts to exit its pure spinning behaviour. At
U∞ = 75 m/s, the excited mode is longitudinal, and the acoustic pressure amplitudes at the four
monitors, and in fact along the whole circumference, have the same value and the same phase
over the whole acoustic cycle.
The right column of figure 3.7 shows the phase of the acoustic pressure signal at eight
equally-spaced locations over the circumference of the cavity middle cross-section at different
upstream flow velocities. All phase angles φ are referred to the pressure signal at the location
of the monitor p1 for comparison. At U∞ = 50 m/s, the stationary behavior is evident by the
pattern of clear phases in the figure. Four of the monitors sustain a phase of φ =0◦ while the
four other have a consistent phase of φ = 180◦. The two groups are separated by the nodal line
azimuth angle, close to θ = 45◦, where the phase jumps abruptly. It is important to note that
in ideal conditions, the orientation of the nodal line is expected to be arbitrary, and the value
it assumes in the simulation is a result of numerical residuals. As the flow velocity increases
to U∞ = 55 m/s, an incremental linear increase of the acoustic pressure phase over the cavity
circumference indicates that the acoustic mode is spinning. The phase angle increases over the
diametral coordinate θ , as the peaks spin around the symmetry axis. Some deviation is evident
as the behavior is not purely spinning. At the peak of the excitation of the spinning diametral
mode, a nearly linear phase pattern is observed at U∞ = 64 m/s. As all phases are referred to
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the phase of the monitor p1 with a physical azimuth location of θ = 0, the phase angles φ and
θ coincide with each other at all locations. A further increase in the upstream flow velocity to
U∞ = 66 m/s, a partially-spinning mode is observed, with deviations of the phase angles φ from
the azimuth location θ opposite to the deviations before the peak of resonance. At U∞ = 75 m/s,
no diametral mode is excited, and the pattern of the phase angle shows a steady phase of φ = 0
indicating that all locations are in phase with each other. As expected, the longitudinal mode is
not capable of showing any spinning characteristics due to its cylindrical symmetry.
3.5 Dynamics of the flow-acoustic coupling
For the coupled flow-acoustic field during resonance excitation, strong oscillations exert a strong
influence on the flow field. The periodic oscillations in the flow field, in turn, provide the
adequate feedback to sustain the energy transfer from the flow to the acoustic field. As a
result, the flow fields are expected to follow different patterns according to the pressure and
acoustic particle velocity distribution of the excited acoustic modes. Due to the cylindrical
symmetry of the cavity configuration, it is convenient to investigate the distribution of flow
velocity over its cross-section using the cylindrical coordinates x in the streamwise direction, R
in the radial direction outward from the center, and θ counter clockwise and normal to the other
two directions everywhere.
Figures 3.8 and 3.9 show the instantaneous distribution of the radial and tangential compo-
nents of the flow velocity, respectively, over the cavity cross-section at the middle of the distance
between the leading and trailing edges. Four different instants over the acoustic cycle are shown
for each upstream flow velocity, equivalent to the cases discussed in figure 3.6. Figure 3.8 shows
that the radial component of the flow velocity uR reaches up to ± 0.25 of the upstream velocity
for the three cases. This component oscillates over the acoustic cycle, resembling a significant
oscillating momentum injection into and out of the cavity. The manner in which this injection
occurs clearly influences how the acoustic mode materializes.
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(a)
φ = 0◦ φ = 90◦ φ = 180◦ φ = 270◦
(b)
φ = 0◦ φ = 90◦ φ = 180◦ φ = 270◦
(c)
φ = 0◦ φ = 90◦ φ = 180◦ φ = 270◦
FIG. 8. The radial velocity component uR normalized by the upstream velocity in the middle cross-section of the cavity at four equally-spaced
instants of the acoustic cycle at three different flow velocities. (a) Stationary acoustic diametral mode, U∞ = 50 m/s, (b) Spinning acoustic
diametral mode, U∞ = 64 m/s, and (c) Longitudinal mode, U∞ = 75 m/s
direction outward from the center, and θ counter clockwise
and normal to the other two directions everywhere.
Figures 8 and 9 show the instantaneous distribution of the
radial and tangential components of the flow velocity, respec-
tively, over the cavity cross-section at the middle of the dis-
tance between the leading and trailing edges Four different
instants over the acoustic cycle are shown for each upstream
flow velocity, equivalent to the cases discussed in figure 6.
Figure 8 shows that the radial component of the flow veloc-
ity uR reaches up to ± 0.25 of the upstream velocity for the
three cases. This component oscillates over the acoustic cy-
cle, resembling a significant oscillating momentum injection
into and out of the cavity. The manner in which this injection
occurs clearly influences how the acoustic mode materializes.
At U∞ = 50 m/s, at which a stationary diametral mode is
excited, a corresponding stationary behavior is seen in figure
8a for the radial flow velocity component. The radial velocity
reaches a maximum on one side of the antinodal plane, and a
minimum on the other side. The two sides then vary towards
uR = 0, and then reverse their previous values. A full cycle
is then completed as all radial velocity reaches the value of
uR = 0 a second time. The antisymmetric oscillating nature
of the radial velocity means that momentum is injected in an
oscillating manner so that at any instant, the flow is moving
towards one of two cavity sides. The two sides correspond
to the two fixed outer antinodes seen in figure 6a. This os-
cillation drives the acoustic pressure to increase and decrease
while the antinode is stationary. The tangential velocity com-
ponent uθ , shown in figure 9a for U∞ = 50 m/s. The center of
the cavity cross section is a symmetry point for an oscillating
Figure 3.8: The radial velocity component uR norm lized by the upstream velocity in the middle
cross-section of the cavity at four equally-spaced instants of the acoustic cycle at three different
flow velocities. (a) Stationary acoustic diametral mode, U∞ = 50 m/s, (b) Spinning acoustic
diametral mode, U∞ = 64 m/s, and (c) Longitudinal mode, U∞ = 75 m/s
At U∞ = 50 m/s, at which a stationary diametral mode is xcit d, a corr sponding stationary
behavi r is seen in figure 3.8a for th radial flow velocity component. The radial velocity reaches
a maximum on one side of the antinodal plane, and a minimum on the other side. The two sides
then vary towards uR = 0, and then reverse their previous values. A full cycle is then complet d
as all radial velocity reaches the value of uR = 0 a second time. The antisymmetric oscillating
nature of the radial velocity means that momentum is injected in an oscillating manner so that at
any instant, the flow is moving towards one of two cavity sides. The two sides correspond to
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(a)
φ = 0◦ φ = 90◦ φ = 180◦ φ = 270◦
(b)
φ = 0◦ φ = 90◦ φ = 180◦ φ = 270◦
(c)
φ = 0◦ φ = 90◦ φ = 180◦ φ = 270◦
FIG. 9. The tangential velocity component uθ normalized by the upstream velocity in the middle cross-section of the cavity at four equally-
spaced instants of the acoustic cycle at three different flow velocities. (a) Stationary acoustic diametral mode, U∞ = 50 m/s, (b) Spinning
acoustic diametral mode, U∞ = 64 m/s, and (c) Longitudinal mode, U∞ = 75 m/s
pattern of the tangential flow velocity component. Locations
with a counter clockwise flow direction fall to a tangential ve-
locity uθ = 0 and then reverse their directions and vice versa.
The maximum and minimum values of uθ occur on a line that
coincides with the nodal pressure plane, and indicate a momen-
tum injection from one half of the cross-section to the other.
Most notably, this line is stationary during the excitation of the
acoustic resonance at U∞ = 50 m/s.
The radial and tangential velocity components during the
pure spinning diametral mode excitation at U∞ = 64 m/s,
shown in figure 8b and 9b, indicate a significantly different
behavior. An antisymmetric pattern for the normalized radial
velocity uR/U∞ is visible at all instants. An important feature
of this pattern is its rotation around the center of the cavity.
The location of the maximum and minimum values for the ra-
dial velocity component coincides with the leading and trailing
edges and therefore this component indicates flow momentum
injection in or out of the cavity from the main pipe. Moreover,
figure 9b indicates an antisymmetric pattern for uθ within the
cavity region, where the flow rotates towards one side of the
cavity and away from the other side, resulting in an increase
and a decrease of acoustic pressure in these locations; respec-
tively. The two locations stay opposite to each other while
rotating along the cavity wall in one complete cycle. At the
same time, the inner part of the section has a similar, but out
of phase, pattern, aligned so that a rotating line where uθ al-
ways splits the cavity cross section. The patterns of uR and uθ
observed during the excitation of the pure spinning diametral
mode indicate that the flow momentum injection is continuous
throughout the cycle, but its direction changes continuously so
Figure 3.9: The tangential velocity component uθ normalized by the upstream velocity in the
middle cross-section of the cavity at four equally-spaced instants of the acoustic cycle at three
different flow velocities. (a) Stationary acoustic diametral mode, U∞ = 50 m/s, (b) Spinning
acoustic diametral mo e, U∞ = 64 m/s, and (c) Longitu inal mode, U∞ = 75 m/s.
the two fixed outer antinodes seen in figure 3.6a. This oscillation drives the acoustic pressure to
increas a d decrease while the antinode is stationar . he tangential vel city component uθ is
shown in figure 3.9a for U∞ = 50 m/s. The center of the cavity cross section is a symmetry point
for an oscillating pattern o the tangential flow velocity component. Locations with a counter
clockwise flow direction fall to a tangential velocity θ = 0 and then reverse their directions and
vice versa. The maximum and minimum values of uθ occur on a line that coincides with the
nodal pressure plane, and indicate a momentum injection from one half of the cross-section to
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the other. Most notably, this line is stationary during the excitation of the acoustic resonance at
U∞ = 50 m/s.
The radial and tangential velocity components during the pure spinning diametral mode
excitation at U∞ = 64 m/s, shown in figure 3.8b and 3.9b, indicate a significantly different
behavior. An antisymmetric pattern of the normalized radial velocity uR/U∞ is visible at all
instants. An important feature of this pattern is its rotation around the axis of the cavity. The
location of the maximum and minimum values of the radial velocity component coincides with
the leading and trailing edges and therefore this component indicates flow momentum injection
in or out of the cavity from the main pipe. Moreover, figure 3.9b indicates an antisymmetric
pattern of uθ within the cavity region, where the flow rotates towards one side of the cavity and
away from the other side, resulting in an increase and a decrease of acoustic pressure in these
locations; respectively. The two locations stay opposite to each other while rotating along the
cavity wall in one complete cycle. At the same time, the inner part of the section has a similar,
but out of phase, pattern, aligned so that a rotating line where uθ always splits the cavity cross
section. The patterns of uR and uθ observed during the excitation of the pure spinning diametral
mode indicate that the flow momentum injection is continuous throughout the cycle, but its
direction changes continuously so that it fuels an increase in the pressure at different locations
of the cavity for each instant. Such continuous change in the direction provides the necessary
phasing for the pressure to peak in a rotating pattern so that the maximum pressure amplitude
exists at some points at any instance of the cycle.
On the other hand, the patterns of the normalized radial and tanngential velocity components
shown in figures 3.8c and 3.9c for the longitudinal mode excitation are completely different. To
drive a simultaneous increase in the acoustic pressure with the pattern shown in figure 3.6c, an
oscillating flow cycle is required in the streamwise direction. The sudden change of area due
to the presence of the cavity drives the oscillating flow periodically inward or outward as the
pressure increases or decreases; respectively. The pattern of uR shows the initiation of this flow
injection outwards, then a dominant outward flow, which then ceases into an initiation of inward
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flow at the cavity mouth circle, then a dominantly inward flow. This cycle would give rise to
a cycle of antisymmetric pressure increases and decreases at the wall and at the cavity center,
which is clearly observed in figure 3.6c. Interestingly, figure 3.9c shows that no significant
tangential momentum is present at any instant of the cycle. This results in no antisymmetric
components across the cavity R−θ cross section. The acoustic pressure over the whole cross
section is in-phase over the cycle, and therefore, no flow inertia is needed to drive oscillating
behavior in the tangential direction. Therefore, it can be concluded that the pattern of radial flow
velocity component uR is responsible for maintaining the cylindrical acoustic pressure nodal
plane, which coincides with the cavity mouth. It can also be observed that variations in uθ are
responsible for sustaining a linear acoustic pressure nodal plane that splits the cross-section into
two parts for the diametral modes, which is not observed for the longitudional mode.
The defining feature of the flow dynamics associated with each of the three different ex-
cited acoustic modes are the dynamics of vortex separation and impingement. The resulting
perturbations due to these dynamics and the feedback thereof are the main source of energy that
drives the acoustic oscillations. During lock-in, the synchronization of these perturbations with
the acoustic pressure oscillations initiates then sustains the resonant conditions. It is therefore
critical to understand how this process can adapt to the different patterns of acoustic and flow
fields such as those discussed above, to achieve resonance excitation.
Figure 3.10 shows iso-surfaces of the instantaneous Q criterion during the excitation of
acoustic resonance at three different flow velocities that drive three different azimuthal patterns
of the acoustic pressure. To the left of figure 3.10, the isosurfaces are superimposed on contours
of instantaneous vorticity to identify the cores of the vortices on one streamwise plane for clarity.
Definitive differences between the nature of the separating vortices, evident in figure 3.10, can be
identified by examining the vortical structures as they separate at the leading edge, travel across
the cavity mouth, and impinge on the trailing edge, as sketched in the right side of figure 3.10. At
U∞ = 50 m/s, during the excitation of a stationary acoustic mode with two antisymmetric spatial
sides, a clear dislocation of vortices can be seen across the straight nodal pressure line. This





Side View Vortex structures along the cavity Schematic (not to scale)
FIG. 10. The dynamics of the vortex separation and impingement for the axisymmetric cavity at three different flow velocties. Instantaneous
iso-surfaces of the Q criterion at Q = 106 s−2 colored according to the flow velocity are imposed on two-dimensional contours of vorticity. (a)
U∞ = 50 m/s, (b) U∞ = 64 m/s, and (c) U∞ = 75 m/s
that it fuels an increase in the pressure at different locations of
the cavity for each instant. Such continuous change in the di-
rection provides the necessary phasing for the pressure to peak
in a rotating pattern so that the maximum pressure amplitude
exists at some points at any instance of the cycle.
On the other hand, the patterns of the normalized radial and
tanngential velocity components shown in figures 8c and 9c
for the longitudinal mode excitation are completely different.
To drive a simultaneous increase in the acoustic pressure with
the pattern shown in figure 6c, an oscillating flow cycle is
Figure 3.10: The dynamics of the vortex separation and impingement for the axisymmetric
cavity at three different flow velocties. Instantaneous iso-surfaces of the Q criterion at Q = 106
s−2 colored according to the flow velocity are imposed on two-dimensional contours of vorticity.
(a) U∞ = 50 m/ , (b) U∞ = 64 m/s, nd (c) U∞ = 75 m/s.
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nodal line is stationary, and experiences no oscillations of acoustic pressure, which is explained
for this case by the lack of separation and impingement over its length. Another notable feature
for this mode, is that the cavity is split by this streamwise nodal plane into two sides, seen in this
figure to be the upper and lower halves. As mentioned before, this is an arbitrary location, despite
being stationary in time. In each of the two halves, crescents of vortices, perfectly aligned in
successive R−θ planes, separate alternately and lead to an antisymmetric impingement. This
pattern results in alternating pressure oscillations that in turn drive the pressure to rise and fall
antisymmetricaly.
The vortical pattern during the excitation of the spinning diametral mode at U∞ = 64 m/s
has a different nature. In contrast with vortical crescents, a continuous helix of vortices connect
the upstream and the downstream edges. Two complete revolutions of the helix are observed,
signalling the second shear layer mode. Over time, the helix spins at a fixed pace so that the
separation and impingement points rotate. At the peak of acoustic resonance, near Ur = 0.93, the
frequency of vortex separation and impingement coincides with the acoustic mode frequency,
so that the acoustic pressure of this mode passes through a full cycle at the same time the helix
makes a complete revolution and as the vortex passes between the leading and trailing edges.
As a result, the separation and impingement points are connected by the shortest path possible
over the cavity mouth, enhancing the feedback mechanism.
In contrast, the longitudinal mode excitation requires separation and impingement to occur
uniformly and simultaneously along the whole leading and trailing edges; respectively. The
vortical structures required to achieve this objective are vortical rings, continuous and aligned in
successive R−θ planes. These rings also provide the same timing condition, so that the path
from the leading edge to the trailing edge is straight and as short as possible, explaining the
increase in acoustic pressure as the longitudinal mode gets excited, as seen in figure 3.5.
To get a more detailed insight of the interaction of the acoustic and flow fields during acoustic
resonance excitation, the polar plots in figure 3.11 (multimedia view) show the distribution of
the acoustic pressure and shear layer vorticity ω =
√
ω2y +ω2z over the cavity mouth. Values are
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Stationary diametral mode, U∞ = 50 m/s









































































































FIG. 11. The distribution of the acoustic pressure and the vorticity ω in the y− z plane over the cavity mouth at a distance of 0.1 L from the
leading edge during excitation of acoustic resonance at U∞ = 50 m/s (multimedia view).
Spinning diametral mode, U∞ = 64 m/s









































































































FIG. 12. The distribution of the acoustic pressure and vorticity ω over the cavity mouth at a distance of 0.1 L from the leading edge during
excitation of acoustic resonance at U∞ = 64 m/s (multimedia view).
required in the streamwise direction. The sudden change of
area due to the presence of the cavity drives the oscillating flow
periodically inward or outward as the pressure increases or
decreases; respectively. The pattern of uR shows the initiation
of this flow injection outwards, then a dominant outward flow,
which then ceases into an initiation of inward flow at the cavity
mouth circle, then a dominantly inward flow. This cycle would
give rise to a cycle of antisymmetric pressure increases and
decreases at the wall and at the cavity center, which is clearly
observed in figure 6c. Interestingly, figure 9c shows that no
significant tangential momentum is present at any instant of
the cycle. This results in no antisymmetric components across
the cavity R−θ cross section. The acoustic pressure over the
whole cross section is in-phase over the cycle, and therefore,
no flow inertia is needed to drive oscillating behavior in the
tangential direction. Therefore, it can be concluded that the
pattern of radial flow velocity component uR is responsible
for maintaining the cylindrical acoustic pressure nodal plane,
which coincides with the cavity mouth. It can therefore be
concluded that variations in uθ are responsible for sustaining a
linear acoustic pressure nodal plane that splits the cross-section
into two parts for the diametral modes, which is not observed
for the longitudional mode.
The defining feature of the flow dynamics associated with
each of the three different excited acoustic modes are the dy-
namics of vortex separation and impingement. Perturbations
due to the process of vortex separation and impingement and
the associated feedback thereof are the main source of acous-
tic energy that drive the acoustic oscillations. During lock-in,
the synchronization of these perturbations with the acoustic
pressure oscillations initiates then sustains the resonant condi-
tions. It is therefore critical to understand how this process can
adapt to the different patterns of acoustic and flow fields such
as those discussed above, to achieve resonance excitation.
Figure 10 shows iso-surfaces of the instantaneous Q crite-
rion during the excitation of acoustic resonance at three differ-
Figure 3.11: The distribution of the acoustic pressure and the vorticity ω in the y− z plane
over the cavity mouth at a distance of 0.1 L from the leading edge during excitation of acoustic
resonance at U∞ = 50 m/s (multimedia view).
shown near the spearation point, at a distance of 0.1 L from the leading edge, during excitation
of acoustic resonance at U∞ = 50 m/s. Four instants over the cycle are shown, corresponding to
the same instants shown in figures 3.6 to 3.9. For this stationary mode, the profile of acoustic
pressure clearly shows an oscillating behaviour. The acoustic pressure keeps a circular profile,
with its center oscillating back and forth in a straight line. At the same time, the profile of
vorticity resembles a slightly distorted circle where deviation from the circular pattern occurs in
one direction, parallel to the oscillating axis of the acoustic pressure. A phase angle is observed
so that when the acoustic pressure is close to zero at all locations, at φ = 90, the vorticity has a
peak value. As the pressure reaches opposite maximum and minimum values at φ = 180◦, t
vorticity falls again to zero at the same location. The fixed azimuthal location of the antinod s f
ac ustic press re, coinciding with v r icity minima, clearly indicates that the oscillating nature
of th two patterns is related to the stationary azimuthal behaviour of this diametral mode.
In contrast, figure 3.12 (multimedia view) shows polar plots of acoustic pr ssure and vorticity
during the excitation of the spinning diametral mode at U∞ = 64 m/s at the same conditions of
figure 3.11 (multimedia view). The spinning behavior of the two modes can clearly be identified
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Stationary diametral mode, U∞ = 50 m/s









































































































FIG. 11. The distribution of the acoustic pressure and the vorticity ω in the y− z plane over the cavity mouth at a distance of 0.1 L from the
leading edge during excitation of acoustic resonance at U∞ = 50 m/s (multimedia view).
Spinning diametral mode, U∞ = 64 m/s









































































































FIG. 12. The distribution of the acoustic pressure and vorticity ω over the cavity mouth at a distance of 0.1 L from the leading edge during
excitation of acoustic resonance at U∞ = 64 m/s (multimedia view).
required in the streamwise direction. The sudden change of
area due to the presence of the cavity drives the oscillating flow
periodically inward or outward as the pressure increases or
decreases; respectively. The pattern of uR shows the initiation
of this flow injection outwards, then a dominant outward flow,
which then ceases into an initiation of inward flow at the cavity
mouth circle, then a dominantly inward flow. This cycle would
give rise to a cycle of antisymmetric pressure increases and
decreases at the wall and at the cavity center, which is clearly
observed in figure 6c. Interestingly, figure 9c shows that no
significant tangential momentum is present at any instant of
the cycle. This results in no antisymmetric components across
the cavity R−θ cross section. The acoustic pressure over the
whole cross section is in-phase over the cycle, and therefore,
no flow inertia is needed to drive oscillating behavior in the
tangential direction. Therefore, it can be concluded that the
pattern of radial flow velocity component uR is responsible
for maintaining the cylindrical acoustic pressure nodal plane,
which coincides with the cavity mouth. It can therefore be
concluded that variations in uθ are responsible for sustaining a
linear acoustic pressure nodal plane that splits the cross-section
into two parts for the diametral modes, which is not observed
for the longitudional mode.
The defining feature of the flow dynamics associated with
each of the three different excited acoustic modes are the dy-
namics of vortex separation and impingement. Perturbations
due to the process of vortex separation and impingement and
the associated feedback thereof are the main source of acous-
tic energy that drive the acoustic oscillations. During lock-in,
the synchronization of these perturbations with the acoustic
pressure oscillations initiates then sustains the resonant condi-
tions. It is therefore critical to understand how this process can
adapt to the different patterns of acoustic and flow fields such
as those discussed above, to achieve resonance excitation.
Figure 10 shows iso-surfaces of the instantaneous Q crite-
rion during the excitation of acoustic resonance at three differ-
Figure 3.12: The distribution of the acoustic pressure and vorticity ω over the cavity mouth at a
distance of 0.1 L from the leading edge during excitation of acoustic resonance at U∞ = 64 m/s
(multimedia view).
by analysing the development of p and ω at the four instants of the cycle. A circular pattern of
the acoustic pressure keeps its shape, but spins around the center of the coordinate center with a
constant eccentricity. Likewise, the vorticity profile takes the shape of a circle that resembles
the separation of vortices at the leading edge. Note that the profile shown, at a distance of 0.1
L, is expected to be different at each cross section over the cavity length due to the rotation of
the helix in figure 3.10b. However, the overall profile shape should not change. As a result, the
circular profile spins so that its maximum value, corresponding to a passing vortex rotates and
stays opposite to the location with ω = 0, which corresponds to a gap between two successive
vortices.
Figure 3.13 (multimedia view) presents a starkly different behaviour of the acoustic pressure
and vorticity during the excitation of the longitudinal mode at U∞ = 75 m/s. The pattern of
the acoustic pressure pulsates outwards and collapses inwards in one complete cycle, driven
by the flow momentum pouring in then out of the cavity as discussed earlier. The vorticity
profile is also circular at all instants as the vortex shedding process is synchronous along the
whole leading edge. The vortices passing in the form of successive rings result in the pulsating
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Longitudional mode, U∞ = 75 m/s









































































































FIG. 13. The distribution of the acoustic pressure and vorticity over the cavity mouth at a distance of 0.1 L from the leading edge during
excitation of acoustic resonance at U∞ = 75 m/s (multimedia view).
ent flow velocities that drive three different azimuthal patterns
of the acoustic pressure. To the left of figure 10, the isosur-
faces are superimposed on contours of instantaneous vorticity
to identify the cores of the vortices on one streamwise plane
for clarity. Definitive differences between the nature of the
separating vortices, evident in figure 10, can be identified by
examining the vortical structures as they separate at the lead-
ing edge, travel across the cavity mouth, and impinge on the
trailing edge, as sketched in the right side of figure 10. At
U∞ = 50 m/s, during the excitation of a stationary acoustic
mode with two antisymmetric spatial sides, a clear disloca-
tion of vortices can be seen across the straight nodal pressure
line. This nodal line is stationary, and experienced no oscil-
lations of acoustic pressure, which is explained here by the
lack of separation and impingement over its length. Another
notable feature for this mode, is that the cavity is split by this
streamwise nodal plane into two sides, seen in this figure to
be the upper and lower halves. As mentioned before, this is
an arbitrary location, despite being stationary in time. In each
of the two halves, crescents of vortices, perfectly aligned in
successive R−θ planes, separate alternately and results in an
antisymmetric impingement. This alternating pattern results in
alternating pressure oscillations that in turn drive the pressure
to rise and fall antisymmetricaly.
The vortical pattern during the excitation of the spinning di-
ametral mode at U∞ = 64 m/s has a different nature. In contrast
with vortical crescents, a continuous helix of vortices connect
the upstream and the downstream edges. Two complete revo-
lutions of the helix are observed, signalling the second shear
layer mode. Over time, the helix rotates at a fixed pace so that
the separation and impingement points rotate. At the peak of
acoustic resonance, near Ur = 0.93, the frequency of vortex
separation and impingement coincides with the acoustic mode
frequency, so that the vortex passes along the cavity mouth at
the same time the helix makes a complete revolution. As a
result, the separation and impingement points are connected
by the shortest path possible over the cavity mouth, enhancing
the feedback mechanism.
In contrast, the longitudinal mode excitation requires separa-
tion and impingement to occur uniformly and simultaneously
along the whole leading and trailing edges; respectively. The
vortical structures required to achieve this objective are vorti-
cal rings, continuous and aligned in successive R−θ planes.
These rings also provide the same timing condition, so that the
path from the leading edge and trailing edge is straight and as
short as possible, explaining the increase in acoustic pressure
as the longitudinal mode gets excited, as seen in figure 5.
To get a more detailed insight of the interaction of the
acoustic and flow fields during acoustic resonance excitation,
the polar plots in figure 11 (multimedia view) show the dis-
tribution of the acoustic pressure and shear layer vorticity
ω =
√
ω2y +ω2z defined over the cavity mouth. Values are
shown near the spearation point, at a distance of 0.1 L from the
leading edge, during excitation of acoustic resonance at U∞ =
50 m/s. Four instants over the cycle are shown, corresponding
to the same instants shown in figures 6 to 9. For this stationary
mode, the profile of acoustic pressure clearly shows an oscillat-
ing behaviour. The acoustic pressure keeps a circular profile,
with its center oscillating back and forth in a straight line. At
the same time, the profile of vorticity resembles a slightly dis-
torted circle where deviation from the circular pattern occurs
in one direction, parallel to the oscillating axis of the acoustic
pressure. A phase angle is observed so that when the acoustic
pressure is close to zero at all locations, at φ = 90, the vorticity
has a peak value. As the pressure reaches opposite maximum
and minimum values at φ = 180◦ , the vorticity falls again to
zero at the same location. This phase angle indicates coupling
between the two fields in a resonant state, as expected from the
Euler equation. The fixed azimuthal location of the antinodes
of acoustic pressure, coinciding with vorticity minima, clearly
indicates that the oscillating nature of the two patterns is re-
lated to the stationary azimuthal behaviour of this diametral
mode.
In contrast, figure 12 (multimedia view) shows polar plots
Figure 3.13: The distribution of the acoustic pressure and vorticity over the cavity mouth at a
distance of 0.1 L from the leading edge during excitation of acoustic resonance at U∞ = 75 m/s
(multimedia view).
behavior of the vorticity profile, which has a phase with the acoustic pressure pattern. The exact
phase angle would vary according to the location of the cross section. This pattern leads to
symmetric pulsations of pressure that can driv acoustic resonance in the longitudinal direction.
From the previous discussion, t is evident that the excitation of acoustic resonance i initiated
and sustai ed by the fluc uating flow components in the shear layer. To ide tify the distribution
of these fluctuations hich r sembles potential acoustic sources, the turbulent R ynolds st ess s






θ is shown in
figure 3.14 during the excitation of the three different acoustic resonant modes. The stresses
are shown for the cross section of the cavity at 0.5L from the leading and trailing edges. At U∞
= 50 m/s, fluctuations seen in figure 3.14a for the x and R normal stresses are d minant over
two opposite halves of the cavity mouth. The crescent-shaped distribu n points to potential
excitation of the acoustic mode hat results in the formation of the cylindrical nodal plan
betwee the two halves of the cavity. Fluctuations in the θ normal stres a stronger in the
region closer to th axis of the cavity, whic indicates that they are related to the oscillating
flow that builds up antisymmetric pressure across the straight nodal pressure plane. A different




Figure 3.14: Normal Reynolds stresses calculated using velocities in the cylindrical coordinates
ux, uR, and uθ during excitation of acoustic resonance at three different azimuthal mode behav-
iors. (a) Stationary acoustic diametral mode, U∞ = 50 m/s, (b) Spinning acoustic diametral mode,
U∞ = 64 m/s, and (c) Longitudinal mode, U∞ = 75 m/s.
pattern is shown in figure 3.14b, the excitation of the spinning acoustic mode results in stronger
fluctuations. Unlike the pattern split in half by the nodal line, the rotating nodal line results
in fluctuations at all locations over the course of the acoustic cycle, and therefore, the x and
R normal stresses are axisymmetric around the cavity center point. The longitudinal mode
excitation corresponds to a different pattern of fluctuations shown in figure 3.14c. Strongest
fluctuations occur in the x normal stresses, as they drive a longitudinal mode with strong pressure
variations in the streamwise direction. Oscillations are concentrated around the cavity mouth.
This pattern is associated with a fairly equal distribution of fluctuations in the R direction, as a
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momentum flux passes uniformly into and out of the cavity. No significant fluctuations occur in




Figure 3.15: Reynolds shear stresses calculated using velocities in the cylindrical coordinates ux,
uR, and uθ during excitation of acoustic resonance at three different azimuthal mode behaviors.
(a) Stationary acoustic diametral mode, U∞ = 50 m/s, (b) Spinning acoustic diametral mode, U∞
= 64 m/s, and (c) Longitudinal mode, U∞ = 75 m/s.
Shear Reynolds stresses are shown in figure 3.15, and suggest critical differences in the
interaction of the flow velocity fluctuations leading to the different azimuthal behavior in the
three cases, asserting the discussion above. While the nodal plane is visible in the patterns
of u′xu′R, u′xu
′




θ during the excitation of the stationary mode, it can be seen that the
u′xu′R stress is significantly stronger around the cavity mouth than the other two shear stresses
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suggesting that fluctuations in the tangential θ direction are insignificant, affirming the lack of
rotation. On the other hand, the cavity mouth nodal plane has significantly higher components
of u′xu′θ at U∞ where a rotating mode is excited. Favourable interaction of the streamwise
and tangential fluctuations is critical to initiate and sustain the spinning flow dynamics that
corresponds to the helix vortex structure. Finally, the longitudinal mode has significant shear
stresses only due to the interaction of the x and R directions. Such fluctuations would only be able
to excite longitudinal waves, and can initiate neither a spinning dynamic nor an antisymmetric
pressure pattern, due to the lack of any significant shear stress with a tangential θ component.
3.6 conclusion
In this work, Large Eddy Simulation is used to solve the compressible Navier-Stokes equations
in order to investigate the dynamics of the coupled flow-sound field during excitation of acoustic
resonance by the flow over an axisymmetric cavity with an aspect ratio L/d = 1. A one-
equation subgrid-scale kinetic energy LES turbulence model was used to simulate the acoustic
resonance excitation mechanism over a range of flow velocities that lead to the excitation of
three different acoustic modes with different acoustic pressure patterns and flow dynamics.
The model predicts well the excitation of acoustic resonance and development of the acoustic
pressure and shows a good agreement with available experimental observations. It was found
that, at low flow velocities, a stationary diametral acoustic mode is excited, with stationary
nodal planes. During the excitation of this mode, the acoustic pressure reciprocates locally on
both sides of the nodal planes. Further increase in the flow velocity resulted in the excitation
of a spinning diametral acoustic mode. In this case, a spinning nodal plane rotates around
the streamwise axis of the pipe. More increase of the flow velocity resulted in the excitation
of a longitudinal acoustic mode, characterized by the existence of a cylindrical nodal plane
concentric with the cavity leading and trailing edges. In order to understand the nature of the
aeroacoustic coupling during the excitation of the different acoustic modes, the flow dynamics
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for each case is investigated. During the excitation of the stationary diametral mode, the flow
field in the middle cross-section of the cavity illustrates that the radial and tangential velocity
was following a reciprocating behavior around the acoustic pressure nodal and antinodal lines.
Iso-surfaces of the instantaneous Q criterion demonstrated the existence of two antisymmetric
series of vortical crescents that are disconnected at those pressure nodal lines. The alternating
separation of these vortex tubes drives the pressure to rise and fall in an antisymmetric pattern.
The flow field during the excitation of spinning diametral mode excitation shows that the radial
and tangential velocities followed a spinning pattern along the cross-section of the cavity while
keeping their antisymmetric distribution during the acoustic cycle. Moreover, The spinning
mode excitation was accompanied by a continuous helix of vortices that connects the upstream
and the downstream edges, forming the shortest path possible over the cavity mouth, which
enhanced the feedback mechanism. On the other side, in case of excitation of longitudinal mode,
the radial velocity showed a pulsating behavior that complemented the acoustic pressure cycle.
In this case, the flow field had no significant velocity or Reynolds stresses in the circumferential
direction. The separation of the vortex took place in a uniform manner along the separation
edge, leading to the formation of complete rings of vortex tubes that impinge on the downstream
edge leading to an increase in the values of the acoustic pressure.
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Abstract
The excitation of acoustic resonance by flow over a rectangular cavity can generate acute
noise, cause damage to equipment, and interrupt operation. In this work, a passive control
technique to suppress the excitation of acoustic resonance by the flow over rectangular cavities is
experimentally investigated. A span-wise rod that generates high-frequency vortices is mounted
upstream of the cavity leading edge to prevent the flapping of the shear layer. The effect
of the rod parameters on the mechanism of acoustic resonance suppression is identified by
means of acoustic pressure and Particle Image Velocimetry (PIV) measurements. It is found
that the effectiveness of this control technique is significantly dependent on the streamwise
location of the rod with respect to the cavity leading edge, the gap between the rod and the
wind tunnel wall, and the cavity aspect ratio. In addition, PIV measurements revealed that,
in effective rod configurations, the vortices generated in the gap between the control rod and
the wall alters the development of the shear layer. Moreover, analysis of the Reynolds stresses
showed that fluctuations in the wake of the rod prevent the shear layer from impinging on the
cavity downstream edge. Consequently, this interaction interrupts the initiation of the feedback
mechanism responsible for the onset of acoustic resonance excitation. Finally, a universal
criterion is developed to predict an optimum region to implement the control rod upstream of
the cavity leading edge to effectively suppress the acoustic resonance excitation.
4.1 Introduction
Self-excited acoustic resonance due to confined flows has been reported as a major design
concern in many engineering applications. Such phenomenon has been reported in combustion
chambers [12, 113, 118], flow over cylinders [76, 134–137], tube bundles [67, 75, 95, 138–140],
and piping systems [13, 20, 111, 112, 141, 142]. Excitation of severe acoustic resonance due to
flow over cavities may result in high acoustic noise levels. This can lead to damaged equipment
and interrupted operation, therefore resulting in a significant economic loss [1, 79, 143].
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Acoustic resonance excitation occurs due to a process that involves coupling between the
flow and the acoustic fields, with a feedback mechanism responsible for sustained energy transfer.
The separation of the boundary layer at the upstream edge of a rectangular cavity leads to the
formation of a free shear layer. This shear layer sheds into vortices, which subsequently impinge
on the downstream edge and generate pressure perturbations. These perturbations excite acoustic
resonance, which in turn amplifies the shear layer oscillations leading to a feedback mechanism
to form self-sustained oscillations [26]. Possible feedback mechanisms have been categorized by
Rockwell [27] based on the nature of the oscillations into: fluid-resonant (ducted cavities), fluid-
dynamic (open cavities), and fluid-elastic oscillations. A fluid resonant feedback mechanism,
which is illustrated schematically in Fig.4.1, can lead to self-sustained oscillations for cavities
enclosed in ducts with excitable acoustic modes. When the cavity flow configuration is confined
within a duct, the acoustic cross-modes of the duct are susceptible to excitation. The shear layer
modes result in velocity fluctuations in the cross flow direction, normal to both the streamwise
flow direction and the cavity mouth. These periodic fluctuations can excite a standing acoustic
wave (Pac) if their frequencies coincide with that of the acoustic cross-modes. As a result, a
’lock-in’ state is initiated where positive energy is transferred from the flow field to the sound
field and severe resonance excitation takes place with acoustic pressure levels of up to 173 dB
[28, 59].
The frequency of pressure perturbations resulting from vortex separation and impingement
depends on the cavity impingement length, the flow velocity, the time lag between the impinge-
ment of the generated vortex and the triggering of the free shear layer at the cavity upstream
edge, and the order of the shear layer mode [25, 30]. This frequency can be calculated from the
Rossiter semi-empirical formula [31] which gives the dimensionless Strouhal number, shown








Where M is the Mach number, m = 1,2,3,... represents the order of the shear layer mode, α
is an empirical constant that corresponds to the phase delay between the impingement on the
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Figure 4.1: illustration of the Fluid resonant feedback mechanism. Distribution of the acoustic
particle velocity and pressure of the (λ/2) mode are shown schematically, where (λ/2) is the
wavelength of the duct first acoustic mode.
downstream edge and the feedback that reaches the upstream edge [31] and is equal to 0.25, and
1/κ is the empirical constant that represents the average convection speed of the vortices in the
shear layer [31] and is equal to 1.75. On the other hand, the acoustic cross-modes of ducted
rectangular cavities have natural frequencies that depend on the speed of sound c, the length of






In some applications, the coincidence between the shear layer frequency and the acoustic
mode frequency cannot be avoided[80, 144, 145]. Thus, it is necessary to develop control
techniques to prevent acoustic resonance excitation. Various control techniques have been
proposed in the literature [70, 146–148] to suppress acoustic resonance excitation, including
active and passive methods. Active techniques rely on introducing adaptive changes to the
flow to disrupt the feedback mechanism. Several active methods including flow injection at the
leading edge, placement of piezoelectric flaps flush mounted at the leading edge, and mounting
of upstream miniature fluidic oscillators, as summarized by Cattafesta et al. [53], Sun et al. [54],
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and Wang et al. [55]. However, such methods have to be specifically designed and calibrated for
an individual set of configurations at certain conditions for a target application, reducing their
benefits in other cases and increasing their cost.
Passive methods have also been proposed to control the generation of self-excited acoustic
resonance of flow over cavities. The oscillations produced by the separating shear layer over the
cavity are influenced by the geometry of both the upstream and downstream edges. Changes in
the flow characteristics at the upstream and downstream edges have shown to affect the flow-
acoustic coupling mechanism and the generated sound pressure level [26]. For example, Omer
et al. [56] investigated the effect of changing the shape of the downstream edge on the acoustic
resonance excitation. It was found that chamfered, round, and saw-tooth downstream edges
had a suppression effect. Unfortunately, these modifications could not completely suppress
acoustic resonance excitation as the downstream edge only influences the flow impingement
while the shear layer is initiated at the upstream edge. Another attempt to study the effect of
reshaping the cavity on the generated pressure pulsations was introduced by Panigrahi et al. [57]
through placing sub-cavities at various locations on the cavity wall. It was found that placing
the sub-cavity at some locations could suppress acoustic resonance excitation. However, in most
engineering applications, it may not be feasible or applicable to rely on changing the structure
of the cavity to suppress the generated pressure pulsations.
Bolduc et al. [58] tried to suppress the acoustic pressure pulsations by altering the flow
path at the upstream edge using spoilers. Although this technique successfully suppressed the
generated tone, it introduced a substantial pressure drop. In a subsequent parametric study to
investigate the effectiveness of several spoiler configurations in controlling acoustic resonance
excitation, Omer et al. [77] concluded that using delta spoilers on the cavity upstream edge
with angles up to 70◦ would suppress the acoustic resonance without introducing a significant
pressure drop on the flow. However, flow visualizations were not carried out to explain how the
control mechanism takes place. Another passive control technique was proposed by Shaaban
and Mohany [59] using surface-mounted blocks. Results showed that such a device controls
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resonance excitation. Nevertheless, it has resulted in a substantial obstruction of the internal
flow in the duct with significant pressure drop. Thus, there is a need to develop a passive
control technique that can be effective in suppressing resonance excitation without introducing
significant pressure drop in the mean flow. A spanwise control rod is therefore investigated in
this work as it can potentially achieve that.
The concept of adding a spanwise rod near the upstream edge of the cavity to disturb
the flow oscillations was first introduced by McGrath and Shaw [61]. This control method
depends on the development of vortex shedding from the rod which interferes with the free
shear layer created at the cavity mouth. Stanek et al. [62] suggested that mounting of the
spanwise rod could result in either high frequency forcing that alters the stability of the shear
layer or shear layer lift off. Illy et al. [63] carried out flow visualization through Schlieren
imaging to identify the effect of the gap between the rod and the upstream wind tunnel wall
on the suppression of self-sustained pressure oscillations. Keirsbulck et al. [64] suggested
that thickening of the shear layer due to interaction with the rod wake is likely to have a
significant effect on the strength of the pressure oscillations in the cavity. By performing
PIV measurements, Martinez et al. [65] added that the interaction prevents the growth of
organized flow structure due to the generation of random vorticity in the shear layer. On the
other hand, Dudley and Ukeiley [66] performed PIV measurements and found that adding a rod
with a diameter approximately 50% of the thickness of the upstream boundary layer achieves
attenuation of the pressure oscillations in the cavity by lifting off the shear layer. However,
in all of these investigations the effect of the streamwise position, the rod diameter, and the
cavity aspect ratio were not taken into consideration. Moreover, all of these investigations were
performed without considering the effect of this control technique on the flow-acoustic coupling
mechanism. The use of the spanwise rod as a control technique to suppress acoustic resonance
excitation due to fluid resonant feedback mechanism was first proposed by Omer and Mohany
[60]. That study showed promising preliminary results for the use of this control technique in
damping the resonance excitation. However, there were many unanswered questions related to
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the suppression mechanism that need to be explained.
Although the use of a rod upstream of the cavity leading edge showed promising effect on the
attenuation of pressure pulsations in open cavities, their effectiveness in suppressing self-excited
acoustic resonance is not fully explained in literature. In addition, the interdependence among
several parameters, such as the rod diameter, the rod streamwise location, the gap between the
rod and the upstream wind tunnel wall, and the cavity aspect ratio and their effect on the shear
layer stability is not yet clear. As a result, no reliable criterion to design such devices is readily
available in the literature.
Therefore, the main objective of this work is to investigate the effectiveness of a spanwise
rod in controlling flow-excited acoustic resonance over ducted cavities. Aeroacoustic pressure
measurements were performed to quantify the effect of the rod parameters d, X , and h and the
cavity aspect ratio L/D on the generated acoustic pressure. Moreover, PIV measurements, for
different rod and cavity configurations, were performed to clarify the details of the interaction
between the rod wake structure and the cavity shear layer at different instants of the acoustic
and flow cycles. The effect of each parameter on the shear layer development was studied
independently by investigating the velocity profiles, the Reynolds stresses, and the vorticity
fields. The outcome from the aeroacoustic and the PIV measurements were combined together
to develop a universal criterion that can be used to predict an optimum region for using the
spanwise rod to suppress flow-excited acoustic resonance in ducted cavities.
4.2 Experimental setup
The work is carried out in an open-loop wind tunnel As shown in Fig. 4.2a. Air is driven
through the tunnel using a centrifugal blower that can generate flow velocities up to 160 m/s.
The experimental setup consists of a test section having cross-section dimensions of 254 mm in
height and 127 mm in width. A cavity with dimensions of 127 × 127 × 127 mm3 is attached to
the bottom wall of the wind tunnel. The upstream edge of the cavity is placed at 330 mm from
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Figure 4.2: (a) A schematic drawing of the experimental setup (b) The particle image velocimetry
setup.
the wind tunnel inlet. A bell-mouth is mounted at the wind tunnel inlet to decrease the pressure
drop and to ensure that the flow is stabilized before reaching the upstream edge of the cavity.
The air then flows through a diffuser section that gradually increases in the cross-sectional area
with an inclusion angle of less than 14◦ to avoid flow separation at the walls. Finally, a flexible









0.4 0.5 0.6 0.7 0.8
-0.2
Current work
Aly and Ziada (2010)






Figure 4.3: Boundary layer momentum thickness at the cavity leading edge
Figure 4.3 shows the relationship between the measured boundary layer momentum thick-
ness, θ , and the free-stream mean velocity at the leading edge of the cavity without spanwise
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The figure shows that the momentum thickness decreases as the velocity increases. The mo-
mentum thickness of turbulent boundary layers is assumed to follow a power law[149] with
θ/a≈ Re−0.2a , where a is the distance from the test section entrance to the cavity leading edge.
The boundary layer momentum thickness shown in Fig. 4.3 is measured at flow velocities
between 5 and 25 m/s to avoid measurements during resonant conditions that will cause the
hotwire to vibrate and affect the accuracy of the measurements. The measurements are in good
agreements with typical values of the shear layer momentum thickness from literature [28, 43].
The theoretical frequency of the first acoustic cross-mode in the wind tunnel with a cavity
installed can be calculated using Eq. 4.2 and it is equal to 542 Hz. The dimensions of the wind
tunnel and the cavity are selected to enable excitation of the 3rd , 2nd , and 1st shear layer modes
coupled with the tunnel first acoustic cross-mode, respectively.
The acoustic pressure measurements are performed using a pressure microphone PCB model
377A12, which is 6.35 mm in diameter (1/4 inch) and has a nominal sensitivity of 25 mV/kPa.
Figure 4.2a shows the microphone being firmly attached at the center of the cavity base which
is the location of the anti-nodal acoustic pressure. The microphone signal is fed to the data
acquisition card through a PCB model 482C15 signal conditioner. The acoustic pressure is
measured with a sampling rate of 10 kHz for 600,000 samples, which corresponds to a total
sampling time of 60 seconds in real-time.
The proposed control technique is applied by placing a rod relative to the upstream edge of
the cavity. Three steel rods with diameters equal to 4.76mm, 6.35mm, and 9.67 were selected.
These range of diameters are selected to generate a vortex shedding frequency one order of
magnitude higher than that of the shear layer frequency as recommended by McGrath and Shaw
[61], and Stanek et al. [62]. The values of the cavity shear layer and control rod frequencies
are discussed in details in section 4.3. Moreover, Stanek et al. [62] recommended an optimum
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rod diameter of 0.67 of the incoming boundary layer thickness, δ . In this work, the nominal
boundary layer thickness at a velocity of 128 m/s, which is the velocity at the onset of resonance
for the cavity with no rod, is ≈ 6.25 mm. These rods will be placed relative to the cavity
upstream edge, as shown in Fig. 4.2a, to achieve h/d values in the range of 1 ≤ (h/D) ≤ 6,
where h/D = 1 represents the scenario of rod close to wall and h/D = 6 represents the scenario
of fully isolated rod [150, 151]. Moreover, the rod diameter values are meant to achieve X/d
values in the range of X/d ≈ ±10 to study the effect of the rod wake structure strength on
disrupting the cavity shear layer.
The flow visualization measurements are performed using a LaVision PIV system, shown in
Fig. 4.2b, equipped with a double head Nd:YAG laser generating two laser beams of wavelength
532 nm at a maximum frequency of 15 Hz and peak power of 200 mJ. A double frame 12-bit
CMOS camera with a resolution of 2752 × 2200 pixels, equivalent to a field of view of 165
mm × 114 mm, is used to capture pairs of images in synchronization with the laser beam. An
aerosol generator is utilized to seed the flow using DEHS as seeding material with a maximum
particle size of 1 µm to ensure a homogeneous distribution of seeding particles among the flow
field.
In order to perform phase-locked PIV measurements for the cases where acoustic resonance
excitation occurred, the pressure signal from the flush-mounted microphone is used to trigger
the laser pulses[96]. The laser timing system shoots the laser and acquire image pairs at a
preset delay after the trigger signal. Consequently, it enables the acquisition of image pairs that
correspond to the same phase of the acoustic pressure cycle. To capture a different phase of
the flow field relative to the acoustic cycle, the delay between the trigger signal and the image
acquisition is adjusted using a timing circuit. For the cases which showed excitation of acoustic
resonance, the measurements were taken at eight equally-distributed phases over the period of
the acoustic pressure cycle. For each phase, 150 instantaneous pairs of images are acquired.
While for the cases that suppressed the acoustic resonance, phase-locked PIV measurements
were not applicable, accordingly 1200 double frame random images were captured to calculate
C O N T R O L O F A C O U S T I C R E S O N A N C E I N R E C TA N G U L A R C AV I T I E S 96
the averaged flow characteristics[106].
For both PIV measurements scenarios, the time between pulses is adjusted to capture the
maximum particle displacement within one-quarter of the interrogation area used to perform
calculation of the velocity vectors. Images are preprocessed to reduce any reflections in the
captured images, followed by intensity normalization. The areas affected by the shadow of
the control rod and near the test section and cavity walls are excluded from the analysis. The
vector field calculations are performed using the multi-pass cross-correlation algorithm. It starts
with one pass at a window size of 48 × 48 pixels with 50% overlap, followed by four final
passes at an interrogation window size of 24 × 24 pixels with 50% overlap. The uncertainty
of the instantaneous measured flow velocity vectors have an accuracy within ±4% for both
velocity components u and v. This uncertainty was calculated using the correlations statistics
method[152] based on 95% confidence interval.
The results of this work are divided into three main sections. First, section 4.3 includes
the effect of the different control rod configurations and cavity aspect ratios on the acoustic
resonance excitation. Second, section 4.4 describes the impact of the geometrical parameters
on the flow dynamics over different cavity configurations through PIV measurements. Third,
section 4.5 combines the understanding of these parameters in a criterion that provides an
optimum utilization region for the control rod.
4.3 Aeroacoustic response
In this section, the effect of the control rod parameters on the aeroacoustic response of two
cavities with aspect ratios of L/D = 1 and 2 is discussed. The spectral distribution of the
pressure is obtained by applying a fast Fourier transform on the recorded data for each measured
flow velocity, giving the acoustic pressure response of the cavity at velocities from 5 to 160 m/s.
Figure 4.4a, which is recorded at mean flow velocity of 80 m/s, demonstrate that at this velocity
there is no match between the frequency of the shear layer mode f and the frequency of the
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Figure 4.4: Characteristics of the acoustic response for a rectangular cavity with an aspect ratio
of L/D = 1. (a) Pressure spectrum at flow velocity of 80 m/s (off resonance), (b) Pressure
spectrum at flow velocity of 128 m/s (on resonance), (c) Contour plot of the aeroacoustic
response, (d) SPL at the coincidence between the first three shear layer modes and the first
acoustic cross-mode (465 Hz).
acoustic cross-modes fa for any of the observed modes, thus no acoustic resonance excitation
takes place at this velocity. In contrast, Fig.4.4b, which is recorded at flow velocity of 128 m/s,
shows coincidence between the shear layer modes and the corresponding acoustic cross-modes.
Such coincidence in frequencies results in very high values of SPL reaching 160 dB. Figure
4.4c shows the pressure spectra of the cavity with an aspect ratio of L/D = 1 measured at the
prementioned range of flow velocities. Moreover, the figure shows the three first acoustic cross-
modes represented by n which occur at frequencies fa1 = 465 Hz for n = 1, fa2 = 940 Hz for n =
2 ,and fa3 = 1,355 Hz for n = 3. Moreover, the figure shows the progression of the first three
shear layer modes, where m = 1 is the first shear layer mode, m = 2 is the second shear layer
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Figure 4.5: The Strouhal number at different Mach numbers and shear layer modes compared
with other experimental studies and the Rossiter model.
mode, and m = 3 is the third shear layer mode. The red regions indicate the coincidence between
the different shear layer modes and the acoustic cross-modes.
Figure 4.4d is developed by extracting the progression of the acoustic pressure values at the
frequency of the first acoustic cross-mode versus the flow velocity. Figure 4.4d shows three
acoustic pressure peaks, which represent the coincidence between the third, second, and first
shear layer modes with the first acoustic cross-mode, where m represents the number of the
shear layer mode. The measured values of Strouhal number for the three shear layer modes are
1.61, 1.11, and 0.46, respectively. These values agrees well with the values of 1.5, 1, and 0.5 that
are predicted by the Rossiter formula [31], shown in eqn. 4.1. The coincidence between the first
shear layer mode and the first acoustic cross-mode resulted in the strongest resonance excitation
with SPL = 160 dB. The effectiveness of the control technique will be evaluated against this
value of SPL. Figure 4.5 shows good agreement between the measured Strouhal number values
in comparison with the theoretical Rossiter mode values calculated from equation 4.1. Moreover,
the extracted values agree well with the experimental values for the work done by Ziada et al.
[120] and Heller and Bliss [153].

















Figure 4.6: The effect of placing a control rod with d = 4.76 mm at (a) X = -25 mm and h = 5
mm, (b) X = -12.5 mm and h = 5 mm. The cavity aspect ratio is L/D = 1
4.3.1 Effect of the rod diameter and location on the generated acoustic
pressure
To study the general effect of the control rod on the acoustic response, a rod with a diameter of
d = 4.76 mm (d/δ = 0.7) was selected. The rod center location was varied horizontally between
X = ±10d and vertically between Y = 0 and 10d . For each tested location, a waterfall plot of
the pressure spectra is developed. Figure 4.6 shows the aeroacoustic response for two of these
cases, where Fig. 4.6a represents a case in which the acoustic resonance is not suppressed by the
existence of the rod while Fig. 4.6b represents the scenario of acoustic resonance suppression.
In both figures, it is clear that mounting the rod has weakened the second and the third shear
layer modes and their ability to excite acoustic resonance. Consequently, the analysis of the
effect of each rod parameter will focus only on the coincidence between the first shear layer
mode and the first acoustic cross-mode.
Figure 4.7 shows the peak SPL for multiple tested locations. It is found that placing the
rod at locations that varies horizontally between X ≈±5d and vertically between Y ≈ 1.5d and
3d have a more suppression effect compared to the other locations. On the other hand, it is
observed that placing the rod with its center precisely at the cavity mouth has no suppression








Figure 4.7: The effect of the mounting position of the control rod with a diameter d = 4.76 mm
on the peak acoustic pressure during resonance excitation
effect regardless of its horizontal location. Moreover, placing the rod at a vertical location of
Y ≈ 10d almost has no impact on the resonance excitation, as the rod wake at this height is
considered fully isolated from the cavity shear layer.
To study the effect of the control rod diameter, two sets of experiments were conducted. In
each set, three rods are used with diameter values of 4.76 mm (d/δ = 0.7), 6.35 mm (d/δ =
1), and 9.67 mm (d/δ = 1.5). The frequency of the generated vortex shedding from the rods
is 5378 Hz, 4031 Hz, and 2647 Hz, respectively, based on a Strouhal number value of 0.2 at a
velocity of 128 m/s. These frequencies are approximately one order of magnitude higher than
the acoustic resonance frequency of the base case.
Figure 4.8a shows the results of the first set. In this set of experiments X and Y locations
are kept fixed at values of -25 mm and 12.5 mm , respectively, based on the co-ordinate system
shown in Fig. 4.2a. The results demonstrate that increasing the diameter causes a reduction in
the value of the peak SPL. A rod with a diameter of d = 9.67 mm (d/δ = 1.5) can keep the SPL
below 138 dB, compared to SPL of 160 dB for the base case. Moreover, a shift in the acoustic















Figure 4.8: The effect of the control rod diameter on the flow-acoustic coupling in cavity with
an aspect ratio of L/D = 1 (a) different rod vertical positions, (b) different rod diameters.
resonance excitation is observed as the diameter of the rod increases; further explanation of
this shift is discussed later in section 4.4. But a question remains, is this suppression related to
the change in the value of the vortex shedding frequency from the rod, or is it associated with
the change in the gap between the rod and the wind tunnel wall? To answer this question, the
second set of experiments are performed by keeping X and h constant and varying only the rod
diameter.
The second set of experiments are performed by keeping X and h at fixed values of -25
mm and 10 mm, respectively. Figure 4.8b shows that the change of the rod diameter while
maintaining a fixed gap has a minor effect on the acoustic pressure values. It is found that all
the cases had the same effect on the acoustic resonance excitation. Comparing the results of Fig.
4.8a and Fig. 4.8b, it is evident that the change in the SPL values observed in Fig. 4.8a is solely
due to the change in the gap between the rod and the wind tunnel wall. Moreover, the shift in
the flow velocity at which resonance excitation takes place is related to the streamwise location
of the rod.
To confirm this finding, additional experiments were performed with the rod placed at
different streamwise locations, while its diameter and the gap with the wind tunnel wall were
kept constant, as shown in Fig. 4.9a. Three rod streamwise locations are investigated with X















Figure 4.9: The effect of the control rod location on the flow-acoustic coupling in cavity with an
aspect ratio of L/D = 1 (a) different streamwise rod positions, and (b) different gaps.
values of -25 mm, -12.5 mm, and 0 mm, which results in X/h values approximately equal to -5,
-2.5, and 0, where the negative sign indicates rod locations upstream of the cavity leading edge.
These values were selected to make the maximum velocity perturbations value from the rod
[154], which occurs at X/d ≈ 2, to take place upstream of the cavity leading edge (before the
shear layer separation), at the cavity leading edge (at the shear layer separation), and downstream
of the cavity leading edge (after the shear layer separation), respectively. Two main findings
were observed. First, with the change of the streamwise position, the values of the SPL were
found to be 160 dB (no suppression effect), 130 dB (maximum achieved suppression effect in
these sets of experiments), and 150 dB (intermediate effect), respectively. Accordingly, it is
concluded that there is an effective streamwise region for placing the control rod to achieve
the maximum acoustic resonance suppression. The second finding is the confirmation that the
velocity at which the acoustic excitation takes place is dependent on the streamwise location of
the rod.
To solidify this finding another set of experiments were conducted where the streamwise
location of the rod is kept constant while the gap between the rod and the wind tunnel wall is
varied, as shown in Fig. 4.9b. The values of the gaps are chosen to give h/d values approximately
equal 1, 2, and 3, respectively. The three h/d values are selected to represent the scenarios of a
rod in the vicinity, in mid-range, and fully isolated from the wall [150]. Figure 4.9b demonstrates
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the acute impact of the gap on the values of the SPLs, with no effect on the onset of the resonance
excitation. A gap of h/d ≈ 1 shows no suppression effect with SPL value reaching 160 dB,
similar to the base case. Alternatively, a gap of h/d ≈ 2 leads to a value of 130 dB. With the
increase of the gap up to h/d ≈ 3, the SPL is increased. This change in the SPL indicates the
existence of an optimum value for the gap between the rod and the wind tunnel upstream wall.
4.3.2 Effect of the cavity aspect ratio on the generated acoustic pressure
To study the effect of the cavity aspect ratio on the control rod location, a cavity with an aspect
ratio of L/D = 2 is tested. Figure 4.10a demonstrates that the general behavior of the aeroacoustic
response of the cavity is not affected by the change of its aspect ratio when compared with Fig.
4.4a. Figure 4.10a shows the acoustic cross-modes represented by n which occur at frequencies
fa1 = 580 Hz for n = 1 and fa2 = 1152 Hz for n = 2. The frequency of the acoustic cross-modes
for this case is different from that of the cavity with an aspect ratio of 1 since the depth of the
cavity is different. Based on Eq.4.2 as the cavity depth decreases the acoustic mode frequency
increases. Moreover, the velocity at which the maximum SPL takes place has slightly increased,
this increase is related to the change in the cavity length. Figure 4.10b shows three acoustic
pressure peaks, representing the coincidence between the third, second, and first shear layer
modes and the first acoustic cross-mode. The measured Strouhal number values for the 3rd ,
2nd , and 1st shear layer modes are 1.47, 0.95, and 0.44, respectively, which agree well to the
theoretical values of 1.5, 1, and 0.5.
To demonstrate the effect of the cavity aspect ratio on this control technique, two cases are
shown in Fig.4.11a and Fig.4.11b. For both cases the rod diameter and location are kept fixed
as following: d = 4.76 mm, X/h ≈ -5, and h/d ≈ 1. Figure 4.11a shows that the rod had no
suppression effect for the cavity with an aspect ratio L/D = 1. In contrast, for the cavity with
an aspect ratio of L/D = 2, Fig.4.11b shows that for the same rod location a suppression of the
acoustic resonance occurs with a 23 dB reduction in the SPL from 155 dB for the base case.
To explain this, it is important to look at the flow structure downstream of the rod and how it
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Figure 4.10: Characteristics of the acoustic response for a rectangular cavity with an aspect ratio
of L/D = 2. (a) Contour plot of the aeroacoustic response, (b) SPL at the coincidence between















Figure 4.11: The effect of the cavity aspect ratio L/D on the effectiveness of the control rod
configuration, (a) L/D = 1, (b) L/D = 2.
interacts with the cavity shear layer for both configurations.
4.4 Flow Dynamics
In this section, the interaction between the wake flow downstream of the rod and the shear layer
over the cavity, with two different cavity aspect ratios, is investigated by means of particle image
velocimetry.
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Table 4.1: Cases studied with PIV measurements
Case rod effect d X h d/h X/h L/D
[mm] [mm]
Base case – – – – – – 1
Base case – – – – – – 2
Case 1 no suppression 4.76 25 5 1 -5 1
Case 2 suppressed 4.76 -25 10 0.5 -5 1
Case 3 suppressed 4.76 -12.5 5 1 -2.5 1
Case 4 suppressed 4.76 -25 5 1 -5 2
4.4.1 Cavity aspect ratio of L/D = 1
To identify the effect of the rod parameters on the flow dynamics over the cavity at conditions
that are susceptible to acoustic resonance excitation, detailed flow measurements are discussed
for the cases shown in table 4.1. The cases are selected to represent the variable effect of X , h,
and X/L on the acoustic resonance suppression and on the dynamics of the developed shear layer
over the cavity mouth. The base case represents the cavity with no rod attached. For case 1, the
rod which is placed upstream of the cavity leading edge, resulted in no suppression of acoustic
resonance excitation. In contrast, cases 2 and 3 showed suppression of acoustic resonance.
The flow is decomposed to two components. The streamwise velocity component u and the
cross velocity component v, where each velocity component is composed of an averaged part
and a fluctuating part, as shown in Eq. 4.4, and Eq. 4.5 .
u(t) = u+u′(t) (4.4)
v(t) = v+ v′(t) (4.5)
Figures 4.12a and 4.12b show the time-averaged streamwise velocity component, u normal-
ized by the free stream velocity U∞. The flow pattern for the base case, in Fig.4.12a, shows
typical characteristics of the flow over a rectangular cavity [155] with an aspect ratio of L/D =
1. Figure4.12c shows the profiles of the r.m.s. of the velocity perturbations v′rms normalized by
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Figure 4.12: Left: Time-averaged flow velocity contours u/U∞. Middle: Time-averaged flow
velocity profiles close to the upstream edge u/U∞. Right: root mean square velocity fluctuation
component v′rms/U∞ for the cavity with an aspect ratio of L/D = 1. [(a)-(c)] Base case, [(d)-(f)]
Case 1, [(g)-(i)] Case 2, and [(j)-(l)] Case 3.
the free stream velocity U∞, where a single peak is tracked downstream of the cavity leading
edge that demonstrate the path of the normal fluctuations over the cavity mouth. These normal
fluctuations, which are crucial for initiation of the feedback mechanism, later impinge on the
downstream edge and result in pressure perturbations.
For case 1, Fig. 4.12d shows that the presence of the rod close to the upstream wind tunnel
wall resulted in an upward shift of the circulation core. However, the overall pattern of the shear
layer over the cavity mouth is not significantly altered as shown when comparing the velocity
profiles in Fig. 4.12e with that of the base case in Fig.4.12b. Moreover, for case 1, the v′rms/U∞
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profiles, represented in Fig.4.12f, show only single peak of fluctuations over the cavity mouth
which indicates the merge of the shear layer with the fluctuations in the wake of the rod.
For case 2, Fig. 4.12g demonstrates that when the gap between the rod and the upstream
wall is increased, the streamlines of the flow just upstream of the cavity leading edge are no
longer parallel, which indicates that the flow topology is significantly different than the base case.
Figure 4.12h shows that when the gap between the rod and the upstream wall is increased, the
velocity deficit due to the control rod altered the incoming boundary layer when comparing the
velocity profiles at locations x/L = -0.1 and 0 with the same locations for the base case. Moreover,
in Fig.4.12i the profiles of v′rms/U∞ at locations x/L = 0.1 and 0.25 shows the existence of two
distinct peaks the first one at y/L = 0.16 which represents the fluctuations due to the control
rod, while the second peak located at y/L = 0.04 which represents the cavity shear layer. The
existence of two separate peaks indicates that the cylinder wake and the cavity shear layer are
not merged and each one maintains different path over the cavity mouth. Consequently, this
affect the shape of the shear layer propagating over the cavity mouth to impinge on the cavity
downstream edge.
In Fig.4.12j, which represents case 3, the velocity deficit due to the control rod location
is pronounced, extending beyond the cavity leading edge; hence, affecting the point of the
shear layer separation. Figure 4.12k demonstrates significant deformation in the shape of of the
incoming boundary layer. Thus, affecting the topology of the formed shear layer. Besides, the
profile of v′rms/U∞, shown in Fig. 4.12l, at location x/L = 0.25 demonstrates that the vertical
fluctuations in the wake of the rod injected the shear layer inside the cavity. This impacts
the impingement of the shear layer on the downstream edge, hence, suppressing the acoustic
resonance in this case.
To further understand the impact of the rod parameters on the flow dynamics over the cavity,
the periodic flow cycle is illustrated for selected cases. For the base case, the vorticity field is
shown at four equally separated instants corresponding to four points in the acoustic cycle with
phases 0,90, 180,and270. Figure 4.13 (Multimedia view) represents the base case with an aspect
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Figure 4.13: Instantaneous normalized vorticity at four points in the acoustic pressure cycle of
the base case for the cavity with an aspect ratio of L/D = 1 (Multimedia view).
ratio of L/D = 1. The flapping of the shear layer along with the separation and impingement
of the flow on the cavity downstream edge can be clearly observed. The pressure perturbations
at the trailing edge due to the periodic impingement of the shear layer provides the necessary
feedback mechanism that triggers resonance excitation. Moreover, one single vortex core is
being traced throughout the four instants indicating that the acoustic resonance excitation is due
to the coincidence between the first shear layer mode and the first acoustic cross-mode.
For case 1, which demonstrated no suppression of the acoustic resonance, Fig. 4.14 (Mul-
timedia view) shows merging and synchronization between the rod clockwise vorticity and
the boundary layer upstream of the cavity leading edge takes place leading to the formation
of a shear layer. That mutual interaction took place at a distinct separation point between the
control rod and the cavity leading edge, with no trace of the rod counter-clockwise vorticity.
It is therefore expected that the shear layer contributes to the feedback mechanism leading to
the excitation of the acoustic resonance. Although the shear layer started at a position that is
lifted above the cavity mouth, it is still clear from Fig. 4.14 (Multimedia view) that in the instant
with phase 180◦ the formed vortex is impinging exactly at the cavity downstream edge. Such
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Figure 4.14: Instantaneous normalized vorticity at two points in the acoustic pressure cycle of
case 1 for the cavity with an aspect ratio of L/D = 1 (Multimedia view).
impingement is crucial for the feedback mechanism that triggers resonance excitation. The
existence of the rod has tripped the shear layer to separate earlier, thus its length is longer than
that of the base case. This increase in the shear layer impingement length is the main cause of
the shift in the onset of resonance excitation to higher flow velocities, as shown earlier in Fig.
4.9.
On the other hand, Fig. 4.15a (Multimedia view) shows an instant in the flow cycle of
vorticity for case 2, a case where the rod effectively suppressed the excitation of acoustic
resonance. Significant differences can be observed compared to the previous two cases. First,
the flow going in the gap below the rod forms a counter-clockwise vortex as observed by
comparing the instants with each other. As a result, the feedback mechanism is not initiated
and an efficient suppression of the acoustic resonance is achieved. In addition, the generated
counterclockwise vortex forms a negative pressure region which has a suction effect on the shear
layer leading to its early separation. For case 3 which achieved suppression of acoustic resonance,
Fig. 4.15b (Multimedia view) shows steady generation of vortex shedding downstream of the
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(a)
(b)
FIG. 13: Instantaneous normalized vorticity at four points in
the acoustic pressure cycle for the cavity of aspect ratio L/D
= 1 for (c) Case 2 (Multimedia view) (d) Case 3 (Multimedia
view).
over the cavity mouth. The normalized stream wise velocity
u/U∞ in Fig. 14a shows that with the increase of the aspect
ratio the re-circulation zone shifted closer to the cavity bottom
and the cavity downstream wall. On the other side, Figure 14b
demonstrates major changes to the velocity contours with the
presence of a second circulation zone close to the cavity bot-
tom at the cavity leading edge. This change in the flow distribu-
tion in the cavity indicates that the feedback mechanism that is
responsible for the flow excited resonance vanishes. Although
the cylinder location demonstrated no effect on the acoustic
resonance in the case of the cavity with aspect ratio L/D =1,
the fact that the shear layer strength is lower for higher aspect
ratios allowed for the flow to go below the rod in spite of being
trapped as in case 1 mentioned earlier.
Figure 15a indicates a shift in the maximum fluctuations
point further downstream closer to the cavity downstream edge
compared to the cavity with aspect ratio L/D = 1. However,
The total Reynolds shear stresses is mainly formed of periodic
fluctuations rather random ones which maintain the acoustic
resonance for this cavity configuration. Figure 15b represents
case 4, which have the same control rod configuration as case2.
However, the change of the aspect ratio enhanced the effective-
ness of this control configuration. It could be observed that
the fluctuations generated from the rod was able to over come
the shear layer fluctuations and changing it from periodic to
random fluctuations. This change of the effectiveness of this
rod configuration could be attributed to that the shear layer
of cavities with higher aspect ratio is more susceptible to be
altered compared to cavities with lower aspect ratios44.
Figure 16 shows one single peak for the values of u′rms and
v′rms compared to two peaks for case 4, which is a case that
suppressed the acoustic resonance. This observation adds to
the understanding that existence of more than one peak in the
velocity perturbations profiles is an indication of the effective-
ness of the control rod configuration. While a merge between
the perturbations of the shear layer and that of the control rod
is crucial for a control rod configuration to have no affect on
the acoustic resonance.
Figure 17a (Multimedia view) represents four instants in the
pressure cycle for the case of L/D=2, where the flow separate
at the cavity leading edge to form one large vortex that impinge
on the downstream edge to initiate the feedback cycle that is
responsible for the acoustic resonance excitation. This confirm
that the mechanism of excitation is not affected by the aspect
ratio, however, it could be observed that the vorticity field is
not as smooth as that in case of aspect ratio L/D=1. Figure
17b (Multimedia view) show generation of counterclockwise
vorticity that prevents the shear layer from merging and syn-
chronizing with the flow separating from the top of the rod
leading to suppression of flow excited acoustic resonance for
this configuration. The more disturbance in the shear layer ob-
served for base case 2 makes the shear layer more susceptible
to be altered when the control rod is placed upstream of the
cavity leading edge.
V. ACOUSTIC RESONANCE SUPPRESSION
CRITERION
The observations of the effect of the different rod parame-
ters from the aeroacoustic measurements are combined with
the understanding of the influence of each parameter on the
suppression of the acoustic resonance from the PIV measure-
ments, Two main findings could be summarized as follows.
First, for a rod location to be effective there should be enough
distance between the rod and both the wind tunnel wall and
the cavity leading edge to allow for the clockwise and coun-
terclockwise vorticity to be generated. Second, the value of
the aspect ratio affects the strength of the shear layer and its
susceptibility to alteration by the mean shear generated by the
control rod. Based on the first finding two dimensionless pa-
rameters are proposed to represent the spread of the rod wake
combining the rod diameter, the stream-wise location of the
rod relative to the cavity leading edge, and the gap between
the rod bottom surface and the wind tunnel wall. These pa-
rameters are X/h and d/h. Three different configurations are
selected to check the validity of these parameters in selecting
a rod optimum location. The three configurations have fixed
value of X/h = 2.67 and d/h = 0.67. Figure 18 shows that the
three locations were able to suppress the acoustic resonance
achieving a reduction of 25dB in the SPL when compared with
the base case.
In order to build a universal criterion that predicts a rod
location region that is effective in the suppression of the
Figure 4.15: Instantaneous norm lized vorticity for the cavity with an aspect ratio of L/D = 1
for (a) Case 2 (Multimedia view) (b) Case 3 (Multimedia view).
rod, which maintained its structure and strength over the cavity mouth. These high frequency
vortices interfered with the path of the cavity shear layer affecting its stability and impingement
on the downstream edge.
In order to investigate the unsteady flow aspects on the acoustic resonance suppression, the
planar components of the Reynolds stresses are calculated from the temporal variance of the
velocity components of 1200 instants of the flow field. The variations in Reynolds stresses,
between different investigated cases, demonstrate the effect of the fluctuations generated from
the control rod on the development of the shear layer at the cavity leading edge. Figures 4.16
[a-c] show the contours of the Reynolds stresses for the base case with cavity aspect ratio of
L/D = 1.
Fluctuations over the cavity mouth results in higher values of Reynolds normal stresses
u′u′/U2∞ and v′v′/U
2
∞ as ell as Reynolds shear stresses u′v′/U
2
∞ close to the impinging edg .
Such fluctuations are n cessary for th initiation of the feedback mechanism that triggers res-
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Figure 4.16: Contours of the normalized total normal Reynolds stresses u′u′/U2∞ & v′v′/U
2
∞, and
the total shear Reynolds stress u′v′/U2∞ for the cavity with an aspect ratio of L/D = 1. [(a)-(c)]
Base case, [(d)-(f)] Case 1, [(g)-(i)] Case 2, and [(j)-(l)] Case 3.
onance excitation. For case 1, the path of the fluctuations is shifted over the cavity mouth, as
shown in Figures 4.16 [d-f]. However, the fluctuations are observed upon impingement on the
downstream edge leading to excitation of acoustic resonance despite of the placement of the
control rod upstream of the cavity leading edge.
For case 2, Fig. 4.16i indicates that the Reynolds shear stresses u′v′/U2∞ generated between
the rod and the tunnel upstream wall result in two distinct shear flow regions: the flow going
above the rod and the cavity shear layer. The topology of the formed shear layer is altered by the
imposed fluctuations from the rod wake when compared with Fig. 4.16c. Moreover, in figures
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4.16g and 4.16h, the shear layer fluctuations impinging on the downstream edge are greatly
reduced. While for case 3, Fig. 4.16l shows that the opposite signs of the shear stress at the
wake of the rod are dominant, significantly reducing the strength of the cavity shear layer and
altering its topology. The fluctuations generated by the rod von-Karman vortex street affected
the path of the cavity shear layer by injecting the flow inertia inside the cavity, thus preventing
the shear layer from impinging on the cavity downstream edge.
Figure 4.17: Contours of the normalized periodic normal Reynolds stresses ũũ/U2∞ & ṽṽ/U
2
∞,
and the periodic shear Reynolds stress ũṽ/U2∞ for the cavity with an aspect ratio of L/D = 1.
[(a)-(c)] Base case, and [(d)-(f)] Case 1
From this discussion, it can be confirmed that the effect of the rod wake on the shear layer
topology over the cavity mouth is a determining factor in the mechanism of acoustic resonance
excitation. If the dynamics introduced by the rod wake are able to affect the point of the shear
layer separation, it can prevent its impingement on the downstream edge, hence, affecting the
initiation of the feedback mechanism and the generation of acoustic resonance. This is dependent
on whether the rod location allows for alternating vortex shedding. But a question remains; why
for case 1 despite of placing the control rod upstream of the cavity leading edge, no suppression
of the acoustic resonance takes place? To answer this question, the characteristics of the coherent
and incoherent fluctuations over the cavity mouth are investigated for the base case and case 1.
The total Reynolds stresses is decomposed into periodic and random components, where
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∞ are calculated from the 8 phase averaged
flow fields[156]. Comparing case 1 to the base case, Fig. 4.17 demonstrates that the periodic
part preserves almost the same profile as that of the base case. The maximum fluctuations occur
close to the middle of the cavity mouth. Although the path of the fluctuations is not exactly
the same as the base case, the shear layer still extends until the impingement point at the cavity
downstream edge. Since the shear layer fluctuations show significant periodic behavior, this
explains why this rod location failed to suppress the self-excited acoustic resonance.
4.4.2 Cavity aspect ratio of L/D = 2
Figure 4.18: Left: Time-averaged flow velocity contours u/U∞. Middle: Time-averaged flow
velocity profiles close to the upstream edge u/U∞. Right: root mean square velocity fluctuation
components v′rms/U∞ for the cavity with an aspect ratio of L/D = 2. [(a)-(c)] Base case, and
[(d)-(f)] Case 4.
To investigate the effect of the cavity aspect ratio, PIV measurements for a cavity with an
aspect ratio of L/D = 2 are shown here to identify changes in the shear layer topology over
the cavity mouth. In Fig. 4.18a, the increase of the aspect ratio shifts the re-circulation zone
closer to the cavity bottom wall and the downstream wall. Figures 4.18b and 4.18c show that
despite the increase of the aspect ratio the velocity profiles show the same behaviour compared
to the base case of aspect ratio L/D = 1. However, for case 4, Fig. 4.18d illustrates major
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Figure 4.19: Instantaneous normalized vorticity at four points in the acoustic pressure cycle of
the base case for the cavity with an aspect ratio of L/D = 2 (Multimedia view).
changes to the velocity contours with the presence of a second circulation zone close to the
cavity bottom wall at the leading edge. The velocity profiles in Fig. 4.18e show that the velocity
deficit generated by the rod maintained its strength and reached the cavity leading edge (shear
layer separation point) and affected the path of the shear layer over the cavity mouth. Moreover,
the profile of v′rms/U∞ at location x/L = 0.1, shown in Fig. 4.18f, indicates the existence of two
peaks one above the cavity mouth, corresponding to the rod fluctuations, while the other peak
below the cavity mouth, that introduction of flow fluctuations over the cavity plane can alter the
topology of the shear layer and achieve effective control of acoustic resonance.
Figure 4.19 (Multimedia view) represents the vorticity field at four instants in the acoustic
resonance cycle for the case with L/D = 2. The flow separates at the cavity leading edge to form
one large vortex that impinges on the downstream edge to initiate the feedback cycle that is
responsible for the acoustic resonance excitation. This confirms that the mechanism of excitation
is not affected by the change of the cavity aspect ratio. In contrast, Fig. 4.20 (Multimedia view)
clearly indicates the presence of counter-clockwise von-Karman vortex street from the rod wake.
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Figure 4.20: Instantaneous normalized vorticity for the cavity with an aspect ratio of L/D = 2
for Case 4 (Multimedia view)
As seen earlier in the other aspect ratio, such periodic rod wake has a frequency different from
the frequency of the cavity shear layer. This disrupts the shear layer leading to a suppression of
the flow-excited acoustic resonance.
Flow fluctuations over the cavity are indicated by the Reynolds stress components, as shown
in Fig. 4.21. Figures 4.21 d-f show that case 4 has the same control rod configuration as case1
(see table 4.1), however, the change of the cavity aspect ratio enhanced the effectiveness of this
rod configuration. The effectiveness of this rod configuration is attributed to the fact that the
shear layer of cavities with larger aspect ratio is more susceptible to be altered compared to
cavities with lower aspect ratios [157]. In Fig. 4.21f, the influence of the rod wake on the cavity
shear layer can be clearly observed. The region of the rod vortex shedding and its associated
fluctuations affected the path of the shear layer and injected it inside the cavity, similar to case 3
that is shown in Fig. 4.16l. As a result, the shear layer impingement on the downstream edge
is weakened. Moreover, the normal Reynolds stress component v′v′/U2∞ generated by the rod
altered the shear layer at the cavity leading edge preventing any significant fluctuations from
reaching the downstream edge. This change suppressed the acoustic resonance.
The periodic component of the normal Reynolds stresses is compared for both base case
(L/D = 1 and 2) to further understand the effect of changing of the cavity mouth length, hence
the cavity aspect ratio on the effectiveness of the control technique. It is found that, for the cavity
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Figure 4.21: Contours of the normalized total normal Reynolds stresses u′u′/U2∞ & v′v′/U
2
∞, and
the total shear Reynolds stress u′v′/U2∞ for the cavity with an aspect ratio of L/D = 2. [(a)-(c)]
Base case, and [(d)-(f)] Case 4.
Figure 4.22: Contours of the normalized periodic normal Reynolds stresses (a)
ũũ/U2∞ ,(b) ṽṽ/U
2
∞, and the periodic shear Reynolds stress (c) ũṽ/U
2
∞ for the base case of
the cavity with an aspect ratio of L/D = 2.
with an aspect ratio of 1 represented in Fig. 4.17a, a value of ũũ/U2∞ = 0.01 is located at X/L =
0.075. In contrast, the same value of ũũ/U2∞ = 0.01 for the cavity with an aspect ratio of 2 shown
in Fig. 4.22a, is located at X/L = 0.025. As the point of the initiation of the fluctuations (also
known as the sensitive area of the free shear layer near separation [26, 74]) gets closer to the the
cavity upstream edge, the ability of the control rod to alter the shear layer and its development
increases. The prementioned discussion explains why the acoustic resonance is dampened for
case 4 in comparison with case 1 even though both cases have the same rod location and the
difference is only in the cavity aspect ratio.
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Table 4.2: Selected cases to validate the damping criterion
d X h X/h d/h
[mm] [mm] [mm]
Configuration 1 4.76 18 7 2.5 0.65
Configuration 2 6.35 25 10 2.5 0.65
Configuration 3 9.67 35 14 2.5 0.65
4.5 Criterion for Acoustic Resonance Suppression
The results presented thus far show that multiple parameters affect the effectiveness of this
control method and a change in single parameter could change the configuration from non-
effective to effective. For example, Case 2 and Case 4 have the same exact rod location and
diameter, while the only parameter that changed is the aspect ratio of the cavity. The change
in the aspect ratio changed the status of the rod configuration from non-suppressing (case 2) to
suppressing (case 4). The existence of this interdependence relation between the different rod
parameters and their interactions could be the reason why for the few investigations available
in literature [62–65] that looked into the fluid dynamic feedback mechanism (i.e. not the fluid
resonant feedback mechanism) no universal criterion was developed for the utilization of this
control technique.
Consequently, the parametric investigation supported by the flow visualization that revealed
the intrinsic interaction between the rod wake and the cavity shear layer are used to develop
a damping criterion for this control technique. The measurements and discussions in section
4.3 and section 4.4 highlighted two main findings which are summarized as follow. First, for a
rod location to be effective, there should be enough distance between the rod and both the wind
tunnel wall and the cavity leading edge to allow for the counter-clockwise vorticity from the rod
wake to be generated. Second, the value of the cavity aspect ratio affects the strength of the shear
layer and its susceptibility to be altered by the fluctuations generated from the control rod. Based
on the first finding, two dimensionless parameters are proposed to represent the spread of the
rod wake combining the rod diameter d, the stream-wise location of the rod relative to the cavity



















Figure 4.23: The effect of the dimensionless rod parameters on the sound pressure level at
different flow velocities for cavity with an aspect ratio of L/D = 1.
leading edge X , and the gap between the rod and the wind tunnel wall h. These parameters are
X/h and d/h.
Three different configurations are selected to test the validity of these two non-dimensional
parameters in suppressing acoustic resonance. The three configurations have fixed value of X/h
≈ 2.5 and d/h≈ 0.65 as shown in table 4.2. Figure 4.23 shows that the three locations were able
to suppress the acoustic resonance achieving a reduction of 25 dB in the SPL when compared
with the base case. It is also observed that the peak SPL for each case takes place at different
velocities, as the three cases have different X values.
In order to develop a universal damping criterion, these parameters are combined with the

















The inverse of the aspect ratio is included in the form of dimensionless control parameter
γ due to the inverse effect of the aspect ratio on the strength of the shear layer [157, 158].
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Figure 4.24: The effect of the proposed damping criterion on the achieved resonance suppression
ratio. Where, Pc is the measured acoustic pressure with the rod in place, and Pb is the measured
acoustic pressure for the corresponding cavity configuration with no rod.
Figure 4.24 demonstrates that the value of γ divides the data into two main regions based on
a selection of a suppression ratio of 80% as a limit to differentiate between the configurations
that suppress the acoustic resonance and the other locations that failed to suppress the acoustic
resonance. Figure 4.24 shows that all the configurations that have values of 0.4 ≤ γ ≤ 2.5
achieved suppression ratio higher than 80%.
Finally, there are two main advantages of this control method over other passive control
techniques. First, the flexibility of this method regarding the location of the rod, where there
is a region of optimum rod locations compared to other techniques. For example, the spoilers
have to be placed precisely at the cavity leading edge. Second, the pressure drop introduced
by the control rod compared to other suppression techniques available in the literature [58, 77]
is very low. Figure 4.25 shows a comparison of the pressure drop values for different control
methods compared to the control method studied in this work. The pressure drop is obtained
using a differential pressure manometer that measures the difference between the static pressures
at two positions located 25 cm upstream and downstream of the cavity edges. The configuration
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Figure 4.25: Pressure drop across the cavity for different control techniques of acoustic resonance.
that showed the lowest SPL in this study was selected for this comparison, where the rod
had a diameter of d = 4.76 mm and placed at the location of X/h ≈ -2.5 and d/h ≈ 1. The
suppression of acoustic resonance using high-frequency vortex generator has the least pressure
drop compared to the other control techniques. This is attributed to the small blockage ratio of
the rod compared to the spoilers. Moreover, the gap between the rod and the tunnel wall allows
the flow to go around the rod. While in the case of spoilers, the flow is deflected over the spoiler.
4.6 conclusion
In this work, the mechanism of passive suppression of self-excited acoustic resonance using
spanwise rods upstream of rectangular cavities is experimentally investigated. Acoustic pressure
and Particle Image Velocimetry measurements were used to understand the influence of the
rod location and the cavity aspect ratio on suppression of the shear layer flapping; hence, the
effectiveness of the proposed control technique. Experimental measurements were carried out
for two cavities with aspect ratios of L/D = 1 and 2.
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The suppression of self-excited acoustic resonance using rods of diameters 4.76 mm, 6.35
mm, and 9.67 mm, and the influence of the rods on the flow field were compared to the case of
severe acoustic resonance excited by the flow over the cavity when no rod was mounted. For
a fixed rod location, the variation of the rod diameter had no significant effect on the acoustic
pressure amplitude. On the other hand, the gap between the rod surface and the upstream wall
h, as well as the rod stream-wise location X , had a significant effect on the amplitude of the
acoustic resonance and the velocity at which it occurs. Notably, the maximum suppression was
achieved at optimum combinations of h and X . Finally, the change of the cavity aspect ratio
demonstrates an acute effect on both the maximum pressure amplitude and the upstream flow
velocity where acoustic resonance is excited.
The flow characteristics with and without the existence of the spanwise rods were obtained
through Particle Image Velocimetry measurements. Measurements at conditions that give rise
to severe or suppressed acoustic resonance showed that the parameters h, X , and L/D had a
significant influence on the interaction between the wake of the rod and the shear layer, leading
to explicit changes in the topology of the shear layer, especially near the impingement point.
It was found that for effective rod locations, the gap between the rod and the upstream wall
allowed the von-Karman vortex separating between the rod surface and the wall to develop. The
fluctuation generated due to this vortex prevented the cavity shear layer from mixing and drifting
into the vortex separating from the other side of the rod.
Finally, the data from this work is combined with available data studying similar configura-
tions in the literature to obtain a universal criterion to guide the use of this passive suppression
technique. A control parameter combining the effects of rod location, which represents the
spread of the rod wake structure, with the cavity aspect ratio, which represents the strength of
the cavity shear layer is proposed. An optimum range of the control parameter can result in a
suppression of more than 80% of the base acoustic pressure amplitude.
Chapter 5
Conclusions
5.1 Summary and conclusions
The flow excited acoustic resonance over different ducted rectangular cavities configurations
and its control is investigated experimentally and numerically. This section summarizes the
main conclusions out of this work.
First, the flow over opposite symmetric and asymmetric cavities is investigated experimen-
tally through aeroacoustic measurements. Then the flow dynamics of the different configurations
were studied numerically to explain the unique behavior of each double cavity configuration. In
all studied cases, the separating flow over the shear layers resulted in self-excitation of acoustic
resonance at the first acoustic cross-mode coincidence with the first three shear layer modes.
The aspect ratio had an effect on the frequency of the generated acoustic pressure during reso-
nance and the reduced flow velocity at which the acoustic resonance occurs. Symmetry, on the
other hand, greatly enhanced the mechanism of energy transfer leading to optimal conditions
for acoustic resonance excitation. Notably, the configuration of two opposite cavities with the
same aspect ratio resulted in a significantly higher acoustic resonance amplitude at all resonant
conditions.
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Numerical Results showed that the symmetry of the double cavity configuration plays an
important role in determining the synchronization of the process of vortex separation and
impingement at the two opposite shear layers. Moreover, the symmetry ensures that the vortices
are shed and impinge exactly at the trailing edge, and are conveyed at the same velocity to
ensure optimal transfer of energy to sustain the acoustic mode. In addition, Results of Howe’s
aeroacoustic analogy showed that the acoustic energy is transferred from the shear layer region
through a distinct pattern of sources and sinks over the cavity mouth, with the strongest energy
exchange occurring close to the impingement point. As a result of the complete synchronization
of the flow and acoustic dynamics over the acoustic cycle, the symmetry of the double cavity
configuration drives a higher rate of acoustic energy transfer over a larger region over the cavities.
On the other hand, opposite cavities of different aspect ratios contribute unevenly to the acoustic
energy transfer. The net energy transfer in the double asymmetric cavity case was of a similar
rate to the single cavity cases, explaining the lower acoustic amplitude at the peak of acoustic
resonance excitation.
Second, Large Eddy Simulation is used to solve the compressible Navier-Stokes equations
in order to investigate the dynamics of the coupled flow-sound field during excitation of acoustic
resonance by the flow over an axisymmetric cavity with an aspect ratio L/d = 1. It was found
that, at low flow velocities, a stationary diametral acoustic mode is excited, with stationary nodal
planes. Further increase in the flow velocity resulted in the excitation of a spinning diametral
acoustic mode. More increase of the flow velocity resulted in the excitation of a longitudinal
acoustic mode.
In order to understand the nature of the aeroacoustic coupling during the excitation of the
different acoustic modes, the flow dynamics for each case is investigated. During the excitation
of the stationary diametral mode, the flow field in the middle cross-section of the cavity illustrates
that the radial and tangential velocity was following a reciprocating behavior around the acoustic
pressure nodal and antinodal lines. while during the excitation of the spinning mode, the flow
field shows that the radial and tangential velocities followed a spinning pattern along the cross-
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section of the cavity while keeping their antisymmetric distribution during the acoustic cycle. On
the other hand, in case of excitation of longitudinal mode, the radial velocity showed a pulsating
behavior that complemented the acoustic pressure cycle.
Iso-surfaces of the instantaneous Q criterion demonstrated the existence of two antisymmetric
series of vortical crescents that are disconnected at the pressure nodal lines in the case of the
stationary mode excitation. In opposite, the spinning mode excitation was accompanied by a
continuous helix of vortices that connects the upstream and the downstream edges, forming the
shortest path possible over the cavity mouth, which enhanced the feedback mechanism. For
the case of longitudinal mode excitation, the flow field had no significant velocity or Reynolds
stresses in the circumferential direction. The separation of the vortex took place in a uniform
manner along the separation edge, leading to the formation of complete rings of vortex tubes that
impinge on the downstream edge leading to an increase in the values of the acoustic pressure.
Third, the mechanism of passive suppression of self-excited acoustic resonance using span-
wise rods upstream of rectangular cavities is experimentally investigated. Acoustic pressure
and Particle Image Velocimetry measurements were performed to understand the influence of
the rod location and the cavity aspect ratio on suppression of the shear layer flapping; hence,
the effectiveness of the proposed control technique. It was found that, the gap between the rod
surface and the upstream wall h, as well as the rod stream-wise location X , had a significant
effect on the amplitude of the acoustic resonance and the velocity at which it occurs. Notably,
the maximum suppression was achieved at optimum combinations of h and X . Finally, the
change of the cavity aspect ratio demonstrates an acute effect on both the maximum pressure
amplitude and the upstream flow velocity where acoustic resonance is excited.
The flow characteristics with and without the existence of the spanwise rods were obtained
through Particle Image Velocimetry measurements. It was found that for effective rod locations,
the gap between the rod and the upstream wall allowed the von-Karman vortex separating
between the rod surface and the wall to develop. The fluctuation generated due to this vortex
prevented the cavity shear layer from mixing and drifting into the vortex separating from the
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other side of the rod. Finally, the data from this work is combined with available data studying
similar configurations in the literature to obtain a universal criterion to guide the use of this
passive suppression technique. A control parameter combining the effects of rod location, which
represents the spread of the rod wake structure, with the cavity aspect ratio, which represents
the strength of the cavity shear layer is proposed.
5.2 Major contributions
The thesis in-hand presents a fundamental understating of flow excited acoustic resonance
mechanism over different ducted rectangular cavities configurations. Several experimental and
numerical investigations were intertwined to reach the following contributions:
1- The influence of the aspect ratio symmetry on the synchronization of the shear layer of
two opposite and aerodynamically isolated cavities, under the effect of flow excited acoustic
resonance, was thoroughly explained using Howe’s integral formulation of the aerodynamic
sound. It was found that placement of two opposite cavities of the same aspect ratio opposite to
each other leads to the highest values of SPL compared to other configurations.
2- The solution of the compressible three dimensional Navier-Stokes equation to simulate
the flow acoustic coupling for flow over coaxial cavity configuration revealed that:
- In case of two antisymmetric series of vortical crescents separate successively at the leading
edge, a stationary acoustic mode is excited.
- The formation of a continuously rotating helical vortex, connecting the leading edge and
the trailing edge, leads to the excitation of the diametral spinning mode.
- The excitation of the longitudinal mode is associated with symmetric rings of vortices
that formed uniformly at the cavity leading edge and propagate till impinging on the cavity
downstream edge.
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3- A universal criterion is developed to predict an optimum region to implement the control
rod upstream of the cavity leading edge to effectively suppress the acoustic resonance excitation.
A control parameter combining the effects of rod location, which represents the spread of the
rod wake structure, with the cavity aspect ratio, which represents the strength of the cavity shear
layer is proposed.
5.3 Recommendation for future investigations
Although extensive work has been carried out in the current study on explaining different acoustic
resonance excitation mechanisms for flow over cavities and its control, the following work is
recommended:
1- The proposed 3D numerical model should be used to simulate the flow over circular
cavities and side branches, as visualizing the characteristics of the shear of such configurations
experimentally using PIV measurements is very challenging.
2- The proposed control technique for suppression of acoustic resonance should be applied
in the case of coaxial cavity configuration as the tested techniques so far for this configuration
cause very high pressure drop at the required velocities of operation.
3- The control rod technique could be combined with other different suppression methods to
increase its application range. I would recommend combining the control rod technique with
upstream and downstream cavity edge modifications and test if such combination would increase
the suppression effect or it will enhance the acoustic resonance excitation.
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[98] Ferziger, J. H., Perić, M., and Street, R. L. Computational methods for fluid dynamics,
volume 3. Springer, 2002.
[99] Crank, J. and Nicolson, P. ‘A practical method for numerical evaluation of solutions of
partial differential equations of the heat-conduction type.’ Advances in Computational
Mathematics, 6(1):pp. 207–226, 1996.
BIBLIOGRAPHY 138
[100] Mesbah, M., Desmet, W., and Baelmans, M. ‘Urans analysis of flow-induced cavity
resonances.’ In ‘Computational Fluid Dynamics 2006,’ pp. 499–504. Springer, 2009.
[101] Launder, B. E., Reece, G. J., and Rodi, W. ‘Progress in the development of a reynolds-
stress turbulence closure.’ Journal of fluid mechanics, 68(3):pp. 537–566, 1975.
[102] Howe, M. ‘The dissipation of sound at an edge.’ Journal of Sound and Vibration, 70(3):pp.
407–411, 1980.
[103] Howe, M. ‘Sound generated by fluid-structure interactions.’ Computers & structures,
65(3):pp. 433–446, 1997.
[104] Brès, G. A. Numerical simulations of three-dimensional instabilities in cavity flows.
Ph.D. thesis, California Institute of Technology, 2007.
[105] Jeong, J. and Hussain, F. ‘On the identification of a vortex.’ Journal of fluid mechanics,
285:pp. 69–94, 1995.
[106] Islam, M. and Mohany, A. ‘Vortex shedding characteristics in the wake of circular finned
cylinders.’ Physics of Fluids, 32(4):p. 045113, 2020.
[107] Ziada, S. et al. ‘An in-depth study of vortex shedding, acoustic resonance and turbulent
forces in normal triangle tube arrays.’ Journal of Fluids and Structures, 12(6):pp. 717–
758, 1998.
[108] Mohany, A. ‘Self-excited acoustic resonance of isolated cylinders in cross-flow.’ Nuclear
Review, 1(1):pp. 45–55, 2014.
[109] Mohany, A. and Janzen, V. ‘Flow-induced vibration and fretting-wear performance
of candu™ steam generator u-tubes: Instrumentation.’ In ‘ASME Pressure Vessels and
Piping Conference,’ volume 43673, pp. 499–506, 2009.
BIBLIOGRAPHY 139
[110] Al-Muslim, H., Al-Nasri, N., and Al-Hashem, M. ‘The danger of piping failure due to
acoustic-induced fatigue in infrequent operations: two case studies.’ Journal of Pressure
Vessel Technology, 135(064501), 2013.
[111] Wang, P., Deng, Y., and Liu, Y. ‘Vortex dynamics during acoustic-mode transition in
channel branches.’ Physics of Fluids, 31(8):p. 085109, 2019.
[112] Uchiyama, Y. and Morita, R. ‘Combined effects of steam wetness and pressure on
characteristics of acoustic resonance amplitude in closed side branch.’ Journal of Pressure
Vessel Technology, 143(1):p. 011402, 2021.
[113] Dawson, J. R. and Worth, N. A. ‘Flame dynamics and unsteady heat release rate of self-
excited azimuthal modes in an annular combustor.’ Combustion and Flame, 161(10):pp.
2565–2578, 2014.
[114] Smith, B. A. and Luloff, B. V. ‘The effect of seat geometry on gate valve noise.’ J.
Pressure Vessel Technol., 122(4):pp. 401–407, 2000.
[115] Ziada, S., Oengören, A., and Vogel, A. ‘Acoustic resonance in the inlet scroll of a
turbo-compressor.’ Journal of Fluids and structures, 16(3):pp. 361–373, 2002.
[116] Parker, R. and Pryce, D. ‘Wake excited resonances in an annular cascade: an experimental
investigation.’ Journal of Sound and Vibration, 37(2):pp. 247–IN1, 1974.
[117] Mazur, M., Nygård, H. T., Dawson, J. R., and Worth, N. A. ‘Characteristics of self-excited
spinning azimuthal modes in an annular combustor with turbulent premixed bluff-body
flames.’ Proceedings of the Combustion Institute, 37(4):pp. 5129–5136, 2019.
[118] Carmicino, C. ‘Acoustics, vortex shedding, and low-frequency dynamics interaction in an
unstable hybrid rocket.’ Journal of Propulsion and Power, 25(6):pp. 1322–1335, 2009.
[119] Rockwell, D. and Naudascher, E. ‘Review of Self-Sustaining Oscillations of Flow Past
Cavities.’ Journal of Fluids Engineering, 100(2):pp. 152–165, 1978.
BIBLIOGRAPHY 140
[120] Ziada, S., Ng, H., and Blake, C. ‘Flow excited resonance of a confined shallow cavity in
low mach number flow and its control.’ Journal of fluids and structures, 18(1):pp. 79–92,
2003.
[121] Mohamed, S., Graf, H., and Ziada, S. ‘Measurement of the excitation source of an
axisymmetric shallow cavity shear layer.’ Journal of Pressure Vessel Technology, 140(3),
2018.
[122] Golliard, J., Belfroid, S., Vijlbrief, O., and Lunde, K. ‘Direct measurements of acoustic
damping and sound amplification in corrugated pipes with flow.’ In ‘Pressure Vessels and
Piping Conference,’ volume 56970, p. V004T04A037. American Society of Mechanical
Engineers, 2015.
[123] Nair, K. and Sarkar, S. ‘Large eddy simulation of self-sustained cavity oscillation for
subsonic and supersonic flows.’ Journal of Fluids Engineering, 139(1), 2017.
[124] Evans, D., Levitin, M., and Vassiliev, D. ‘Existence theorems for trapped modes.’ Journal
of Fluid Mechanics, 261:pp. 21–31, 1994.
[125] Shaaban, A. A. and Ziada, S. ‘Effect of the separation distance on the aeroacoustic
source of multiple shallow cavities.’ Journal of Fluids Engineering, 141(1), 2019.
[126] Benhamadouche, S., Arenas, M., and Malouf, W. ‘Wall-resolved large eddy simulation of
a flow through a square-edged orifice in a round pipe at re= 25,000.’ Nuclear Engineering
and Design, 312:pp. 128–136, 2017.
[127] Habchi, C., Russeil, S., Bougeard, D., Harion, J.-L., Lemenand, T., Ghanem, A.,
Della Valle, D., and Peerhossaini, H. ‘Partitioned solver for strongly coupled fluid–
structure interaction.’ Computers & Fluids, 71:pp. 306–319, 2013.
[128] Lee, C. Y. and Cant, S. ‘Assessment of les subgrid-scale models and investigation of
BIBLIOGRAPHY 141
hydrodynamic behaviour for an axisymmetrical bluff body flow.’ Flow, turbulence and
combustion, 98(1):pp. 155–176, 2017.
[129] Yoshizawa, A. and Horiuti, K. ‘A statistically-derived subgrid-scale kinetic energy model
for the large-eddy simulation of turbulent flows.’ Journal of the Physical Society of Japan,
54(8):pp. 2834–2839, 1985.
[130] Shukla, A. K. and Dewan, A. ‘Openfoam based les of slot jet impingement heat transfer
at low nozzle to plate spacing using four sgs models.’ Heat and Mass Transfer, 55(3):pp.
911–931, 2019.
[131] Marusic, I., Monty, J. P., Hultmark, M., and Smits, A. J. ‘On the logarithmic region in
wall turbulence.’ Journal of Fluid Mechanics, 716, 2013.
[132] Piomelli, U. ‘Wall-layer models for large-eddy simulations.’ Progress in aerospace
sciences, 44(6):pp. 437–446, 2008.
[133] Pain, R., Weiss, P.-E., Deck, S., and Robinet, J.-C. ‘Large scale dynamics of a high
reynolds number axisymmetric separating/reattaching flow.’ Physics of Fluids, 31(12):p.
125119, 2019.
[134] Arafa, N., Tariq, A., Mohany, A., and Hassan, M. ‘Effect of cylinder location inside a
rectangular duct on the excitation mechanism of acoustic resonance.’ Canadian Acoustics,
42(1):pp. 33–40, 2014.
[135] Arafa, N. and Mohany, A. ‘Wake structures and acoustic resonance excitation of a single
finned cylinder in cross-flow.’ Journal of Fluids and Structures, 86:pp. 70–93, 2019.
[136] Alziadeh, M. and Mohany, A. ‘Near-wake characteristics and acoustic resonance
excitation of crimped spirally finned cylinders in cross-flow.’ Journal of Pressure Vessel
Technology, 140(5), 2018.
BIBLIOGRAPHY 142
[137] El Bouzidi, S., Hassan, M., Fernandes, L. L., and Mohany, A. ‘Numerical characterization
of the area perturbation and timelag for a vibrating tube subjected to cross-flow.’ In
‘ASME 2014 Pressure Vessels and Piping Conference,’ American Society of Mechanical
Engineers Digital Collection, 2014.
[138] Feenstra, P., Weaver, D., and Eisinger, F. L. ‘A study of acoustic resonance in a staggered
tube array.’ Journal of pressure vessel technology, 128(4):pp. 533–540, 2006.
[139] Ziada, S., Oengören, A., and Bühlmann, E. ‘On acoustical resonance in tube arrays part
i: Experiments.’ Journal of Fluids and Structures, 3(3):pp. 293–314, 1989.
[140] Blevins, R. and Bressler, M. ‘Experiments on acoustic resonance in heat exchanger tube
bundles.’ Journal of Sound and Vibration, 164(3):pp. 503–533, 1993.
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